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“ON THE THEORY OF LIQUIDS—IV. 


By T. S. WHEELER, 
Royal Institute of Science, Bombay. 


Received May 23, 1935. 


1. Introduction. 


THE theory which has been discussed in this and preceding papers regards 
a liquid as being composed of a number of force centres or molecules, each 
vibrating within an associated spherical space of diameter o, which is kept 
free from other molecules by the thermal motion of the occupying molecule. 
Near the melting point, the translational motion of the molecule through 
the liquid is assumed to be small compared with the vibratory motion. 
Each molecule attracts and repels the others with forces varying as inverse 
powers of the distance. The diameter of a spherical space is calculated 
assuming that these spaces are closely packed so that o is taken to vary 
with temperature being related to V by the equation 

Noe =V v2 ie on - - (1) 
In the calculation of properties such as the internal latent heat and surface 
tension, it can be assumed that each molecule is on an average at the 
centre of its spherical space, and there need only be considered the 
attractive force since the repulsive force comes into play at distances 
less than o. In the third paper on this subject, an attempt was made to 
consider the vibratory motion of the molecules and the fractional amplitude 
of vibration 8 was linked with the density, internal latent heat of 
vapourisation, surface tension, viscosity and vapour pressure. Formule 
relating viscosity with surface tension, and vapour pressure with internal 
latent heat were also obtained. Equations for the coefficient of thermal 
expansion and compressibility were derived, but only on the assumption 
that the coefficient of thermal expansion does not vary with temperature. 


The formule so derived on the whole reproduce satisfactorily the 
experimental results. In order, however, that the theory should be com- 
pletely satisfactory, it is necessary that formule should be obtained which 
will give 8 in terms of the force coefficients, the force indices and the 
temperature. In the present paper therefore equations have been deduced 
for the forces on a particle vibrating in a spherical space under the influence 
of attractive and repulsive forces between that particle and uniformly 
distributed matter outside the spherical space. It is hoped that the 
equations derived may also be of interest in the theory of attraction. 


Al F 
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2. Potential Equations. 


In Fig. 1 let a molecule be displaced a distance x from the centre of its 
sphere 0 to 0’. We assume that the only force acting on the molecular 
centre is a repulsive force given by A/r”, where 7 is the distance from 0’ to 
another molecular centre; the effect of the attractive force can be super- 
imposed when the calculations for the repulsive force are completed. 





Fia. 1. 


The force taken positive for repulsion between the molecular centre 
at 0’, and the molecules in an annular volume element dV is 


F = (A NaV)/r“V .. on on os i om ae 

The potential FE is given by 
E=/{ Fa .. eo E . ‘i a 
= (A NdV)/[(n—1) r=" V] os ~~ ‘a 

Now we can put (Fig. 1) 

dV = 2nq sin 0.dq.q d0 ar jut a in -- (5) 
= — 2ng? d(cos 0) dq .. _ ™ es -. (6) 
=a7qgdBdq .. ee oe “ oan oo 
where B = — 2cos@.. ~“ - we me on ae 
Hence E = (h; q? dB dq)/r* i oi pia jus -- (9) 
where k} = (ANz)/(n—1) Vc. pa on = .. (10) 
and s = (n—1) sie oe ee oe e .. (11) 
Again ry = (g? + x* — 2qx cos 6) sei a es ». (12) 
and r* = q* {1+ (x*/g*) [1—(2g cos 6)/x]}}-#/2 es x -- (18) 
= g* [l+c? (1+ B/c))s? ba os iia ~« 
where c = x/q ne oe eh «a ‘a ». (15) 


and is always < l. 
Hence E = kg? [1+c? (1+ B/c)]}-/2 dB dq 
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The total potential E of all the surrounding molecules is given by 


B=2 

— qaa O=n7 
E=[ [ "kg (l+e (1+B/oy? dBdg.. (17) 

— 


I 


Now [1 +c? (1+ B/c)]-s/2 = 1+c? (1+ B/c) (—s/2)+c* (1+ Bic)? 


(—8/2) (— 5 — 1) 
i:3 





Si 
(+1) G) (5 +1).... (F +i-— 





+ c/ (1+ Bjcy 





Fa 
f+reee-s “ = ‘i ee .. (18) 
the (7+ 1)th term being as written. 
(1+ Blo = 14jB/c+ (Bio? MUD 4 ..... 
+ (B/c)Gr4 (j) (j—1) (j—2)....{§—(2j—i—})} A As (19) 


[2j—l 
The coefficient of c’ in the (j + 1)th term in (18) is therefore 


























(—1) BEAD (9) (7-1) (G2)... BS pod en) BG (s/2+1)....(8/2+j—1) 
9 | 29-1 
. (20) 
(—1Y B@C**?) (8/2) (8/2+1)....(8/2+j—-D 
= se A LET . (21) 
|2j-t  |l-9 
We may write, therefore, 
B=2 B=2 
[te (1+ Bley? dB= f [14+ 22(21)c4 dB .. -. (2) 
B=-2 B=-2 tj 
The range of variation of j will be discussed later. 
The integration of (22) gives 
, B41 (8/2) (8/2+1)....(8/2+j—1) _,|? 
sa alia 2j—141 {Ij cy ee -- (23) 
When / is even, (27—1+1) is odd, and (23) becomes 
—1y 277-4 (8/2) (8/2 +1)... .(8/2+j—1) ¢ 
x 2! : ; . au 
ae = [2j—I+1  |I—j (24) 


(even) 


When / is odd, (2/—/+-1) is even and 22 vanishes for the limits involved. 
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We now have, from (15), (17) and (24), 








= quo (—1y gq 25-4) g2f-l+2 pe 
E =k [ager + 2 2 | : 25 
As wie: j |2j—U+1 |l~j = 
(even) 
where D = (s/2) (s/2+1)-- +--+ (s/2 +j—1) ns ue .. (26) 
Integrating, 
4k 1 (—1) 297-42 Da? . 
i a & .» (27 
*-Ee ot* @ 2 | oar (s+—3) |2j—141 |l—j a") 


(even) 
The work done by the repulsive force acting on the particle as the 
particle passes from 0 to 0’ is given by 


W= E —- E =-& & [27] os - -» (28) 
x=0 x=2 ,. g 
(even) 


Sadak 2 (2) Q/-/+2 (g) ote | .. (29) 








to a*-* (s+1—3) |2j7—l+1 \l—j 
(even) te 
Putting s = (m—1) (see 11) 
. a\’ (—1) 2/-/-(n4+2j—3) (n+2j—5)....(n—1) 
=< ee 2 [(z) (w-+l—4) [2j—-141 [lj ita 
(even) 


. (30) 
Now / is even, and an examination of (18) shows that as (j++ 1) must 
have all the values of terms which include c’, 7 will have the values, 


zz. l 
goaxaytlg +4 Pre oe l ee ee e- ee (31) 


It can be shown (see Appendix 1), that 











5 (—1)/ 27? (n + 2j—3) (n + 2j —5) Tee (n —1) 32) 
, [2j—l+1 [ly “+ ( 
where / is even and 7 takes the values, =: . + 1, z ccd 
(n—2) (n—1)....(m+1-—3) 
a Le on 
Hence from (30), 
x \! (m—2) (n—1)....(m+1—3) 
=) (n+1—4) |l+1 fai ot 
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It can be shown (see Appendix 2) that 


¢ (mn—2) (n—1)....(n+1—3) 
. € ) (n+l—4) |l+1 





(ev - 


(1 * “\~"- (1 * i (1 -2 =r" + (1+ =) 





+ 
2 (=) (»—5) (n—3) i illie lll, 


Hence from (10), (34) and (35), 








UW —4A Nar X-(#-5) — YV-(2-5) X-(2-4) + YVr(n-4) 
wipers E (2) (m—s) r—s) 4 9) 

where X = 1— 7 

o 

H 


and Ke Dit 


Inserting the fundamental equation (1), 
(36) becomes, 

— An 
bat Vae (n—1) o* 
where » is put for the function in square brackets in (36). 


1 


~ a—4 


. (35) 


ARES S 
n—4 


.. (36) 


. (37) 


38) 


. (39) 


If the effect of the attractive force be also taken into account, we can 
write for the total work (W,) done by the forces as the molecular centre 


passes from 0 to 0’, 


An 
Wi sve (ott o™1t ~~ (n—1) =a) 


where m corresponds to n. 





3. Force Equations. 
The force F, acting on the molecule along 00’ is given by 
=~ _ dWi 
a = 
Differentiation of (39) gives 
aw 4 V2 aA | X-r3) — Yr) 


“dx —Ss (m—1) 2 (n—3) 














+ Se" 4 Y-(#-4) X-l#-5) —  Y-(n-5) 


2(2 ) (n—8) 2 (2) (n—5) (n—3) 


. (40) 


. (41) 


. (42) 
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and hence 


ee as a 
Fi=4v80((Ao wie) * ‘ .. (48) 





where % is put for the function in square brackets in (42) and m corresponds 
to n. 

Knowing the thermal kinetic energy of a vibrating molecule, (40) 
enables us to calculate the displacement of a molecule from the centre of 
its spherical space during a vibration. It is hoped in a subsequent paper 
to study the application of (40) and (43) to liquids for which pw, A, mand n 
have been derived from the second virial coefficient by the method of 


Lennard-Jones. 
Summary. 


Equations have been deduced for the forces on a particle vibrating in 
a spherical space under the influence of attractive and repulsive forces 
between that particle and uniformly distributed matter outside the 
spherical space. 

The best thanks of the author are due to Professor K. R. Gunjikar, 
Professor of Applied Mathematics in the Royal Institute of Science, 
Bombay, and Professor S. D. Manerikar, Officiating Professor of Applied 
Mathematics in the Royal Institute of Science, Bombay, for their helpful 
advice in the preparation of this paper. 


APPENDIX 1. 
(With S. D. Manerikar, B.A.) 
To prove that 











yp (HI FF (nt 3) (n+ %—5)...... (n—1) 
[ate EF 
where / is even and 7 takes the values, >, > + 1,...... l, 
_ (m—2) (m—1)...... (n+1—3) (1) 
ii+1 i ea 
Now 


(n—3)7) (l—z) (=) = " Z 2 ee 


eeeeee 
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-(n-3) 

_ (L+ (#—22)] * (3) 

a i ae as 

i 1 (—1) ¢ n—3 ee 

“Ze ‘ear ee 

4 (—1)? 2°? (n—3) (n—1) (2* —2z)? 
(n — 3) |2 
Fe (—1)/t1 2-V+1) (m—1) (wm +1).... (m+ 27 —3) (22 —22)/*? 
“—e Fri 

re ae a a cS $ ie ae, 
(2?—2z)/t1 = gt) (z—2)/t1 we om o* « & 











bj Q2j-141 (12-741 (7 ; ~ 
zh-f 227-141 ( ey ne sf 4...) (6) 
The coefficient of z/+! in (4) will be, therefore, 
5 oe i (n —1) (n+1). ‘ + (n+ 2j—3) =) (7) 
j \gt1 |[27-1+1 [l-j 
where /+1 < 2)+2 and >j7+1 - ‘“s ‘4 wo 
that is, 273+2 >l+1>7+1 .. s r Ji eins ae 


If, however, we restrict / to even numbers, then, as 7 and / must both 
be integers, we have 


l>j>t a cs -. (10) 


Hence in (7) 7 assumes the values, 
l l l 
aroath gt... L. 


Further as / is even, (— 1)3/?*? in (7) can be put equal to (—1)/. 


The coefficients of z+! in (2) and (4) must both be equal, the coefficient 
in (2) is equal to the R.H.S. of (1) and the coefficient in (4) is equal to the 
L,.H.S. of (1); hence the validity of (1) is established. 


It will be noted that a similar theorem can be established for odd 
values of J. 
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APPENDIX 2. 
To prove that, 


4 (n—2) (n—1).. ..(n+1—3) = 
z (%) (nm +1—4) ED : = 














(even) 
(1 i “vor"_(1 ‘ _— nC 4 3 mae * - 
2 (=) (n— 5) (n—-3) 2 (n—4) (n—3) 
1 
oll i 
Q- 2 =1+(s—5) 2 aT (2) 
ae ie 5) (n — Te .(n+1—5) Gy" - 
v0.02 a it aa i as) (ay +. eer, 


(L+ 1) is odd as / is even. 


Subtracting (3) from (2), 


(1 es ae - = aia (n—5) aa ae Gd y 


ie (n—5) (n— - IE .-(n+1—5) 
eg ar erste 


opmne ay. 
a 


‘ (n— 4) - (n—1) (2) 


4 (n—4) (n—2) (n—1)----(n+1—5) (2)'+ 











an 














[t+ 
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imilarly 
—(¥=4) —(#~4) 
a ew 1a, 
2 wb (n—3) (n—4) (n—3) a(¢) 
(n— _ (n—2) (n—1)---(n+1—5) (xy 
—€ at u Rea c-+ (6) 
Hence ae ) and (6), since 
1 1 1 
wise tah "e353 seers (1) 





nas «ey CIE aren Hef 4 a 
Wi PIR on sain >] [1+ + Pet | ee 


oo Tey Te D (2). n— _2) at n) (n+1) 


oe (2 jb n—2) (n—1)....(n+1—5) (n+1—4) (n+1—3) | 
T+ (n+1l—4) 














- (9) 





= I. H. S. of (1) 
It is interesting to note that by differentiation of both sides of (1), with 
regard to x we obtain, sai (42)] 


“1 (n—2) (n—1) .(n + 1-3) 
= & > ae [t+1 





ens 
X43) — y-(a-3) Xo (#-4) +. Y-(-4) 


2 (n—3) 2 =(n—3) 





X--5) — Y-(9-5) 


2 (2) (n—5) (n—3) 


. (10) 














SOME PROBLEMS OF WARING’S TYPE (III). 
By INDER CHOWLA, B.A. (Hons.), 
Lahore. 


Received May 20, 1935. 
(Communicated by Dr. S. Chowla.) 


1. THE notation used here is the same as in my previous papers! of 
the same title but is repeated for the sake of completeness. We write 


(1) (m)* = (n)é 
when there exist positive integers x, (sqm), y; (t<m) such that 
(2) 2 #f{= 2 
sxsm tgn 
where 
(3) x, (S<qm)+ y (t< 7), 
(4) a a ee ee 
If (1) is true infinitely often we write 
(5) (m)* = (n)* 17. 0. 


e (k) denotes the least possible value of m+n in (5). It is trivial that 
e (k) < 2k+2. We denote by 6 (A) the least value of s such that there is 
a constant c=c (k) different from 0 such that the equation 
(6) c= X em [each «, = 1 or — 1] 
t=1 
has (infinitely many) solutions in which all the m’s exceed any preassigned 
number [e (k) can also be defined as the least value of s such that (6) has 
infinitely many solutions with c=o and (m,,...., m,)=1]. 
0 (k) is the least value of s such that there is a constant c=c (k) such 
that (6) holds infinitely often with rational m’s. Naturally 
(7) 6 (k) < Min [8 (A), € (k)] < 2h. 
Several of the results of this paper are improvements on previous ones. We 
show in fact that 


(8) (5)® = (6)%i. 0. 
(9) «(6) < 10. 
(10) 8(5) <5. 





1 Proc. Ind. Acad. Sci. (A), 1935, 1, 694-697 and 780-781. These papers are referred 
to as I and II. 
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Some Problems of Waring’s Type (1/1) 


(11) (8) <8. 
(12) 6(13) < 25. 
(13) Min [8(7), ¢(7)] < 11. 


Remarks.—(8) was recently conjectured by Rao.* (9) is an improve- 
ment of the known result «(6) < 12 quoted in I. (10) is to be compared 
with Sastry’s «(5) < 6, and it is not likely to be easily improved. (11) was 
announced in II [I have not yet succeeded in proving 6(7) <7]. The con- 
jecture 0(k) < 2k—1 proved here for k=13, seems difficult to prove for any 
higher value of k. (13) can also be expressed by saying that “‘there is an 
absolute constant which can be expressed infinitely often as a sum of 11 seventh 
powers of integers (positive or negative) not all having a common factor.” 


2. We have (as is easily verified) 


(14) a, —a, b, ~tine —c, d, —d 
where 
(15) a = @ — 24? — 204, b = ® — 2¢% + 26¢ 
(16) c= — 26% d= + 2¢?. 
We apply Tarry’s lemma to (14) [(15), (16)] with x=a-+0. This gives 
(17) —b,—a, a+b-+4+d, a+b—d, a+b-+e 
4 


= —c,d,—d, 2a+b, 2b+a 
or 

(18) a, b, 2a+2b—d, 2a+2b+d, 2a+2b+c 

= a+b—d, a+b+d, a+b—c, 3a+2b, 3b+2a 

or [from (15) and (16)], 

(19) @—2¢?—204, —2¢?+20¢4, 367—10¢*, 56°—6¢?, 562—10¢? 

2 2 —6¢?, 3027-247, —2¢*, 562—106?—264, 567-1046? +206 

which we shall write as 

(20) . ee Cmte 


[We write a,,...., @==b,,...., b, (A) 
when 2a”=2b" for l<m<k. Tarry’s lemma is that (A) implies 


Qi, Aq,.+-+, Oy+%, Dg+%,... AS by, bg...., Ay +X, Ag+x,....] 
Hence we have found 2 different sets of integers a, (s<5) and b, (s<5) 
such that 


(21) (xa)! = E (x40, 


1 8s=1 


i Me 





2 Jour. London Math. Soc., 1934, 9, 172-173 (172). 
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Integrating (21) twice we get 


5 5 
(22) Zz (x+a,)®— 2 (x+b,)§=cx+d 
s=1 s=1 
where (this is easily proved) c=c (0, ¢) +0 except for a finite number of 
values of 0, ¢. In (22) putting r= ¥— we get 
5 5 
(23) ‘Z (y8§—d-+ca,)* = Z (y®—d+cb,)*+y°*. 
s=1 s=1 


Since y is arbitrary (23) implies the 

Theorem I. (5)*=(6)® 7. 0. 

This is (8). 
3. (9) follows immediately from 

Theorem II. (5)®=(5)® 7.0., 

which is an immediate consequence of 0(6)<5 proved in II. 
4. Proof of 8(5)<5. 


We have 
(24) (x +16)5 —(% —16)5 =10x4, 24+20 . 23%, 42-42 . 220, 
(25) (2% +1)§ —(2% —1)5=10 . (2x)* +20(2x)?. 18+2 .15. 


Subtracting (25) from (24), 

(x +16)5 —(x —16)5 —(2% +1)5+(2%—1)5 

=20 (2! —2?) x22 (22-2). 

Here putting * =[20 (2% —2*) |? 25 we get 

2 (2?°—2) expressed infinitely often as a sum of five fifth powers. 
Hence 8(5) < 5. 


5. Proof of 0(8)<8. 


‘We have 

(x +) 8 —(x —y) 8 = 16x 7y +112x5y8 +.11223y5 + 16 xy’. 

Hence 

(26) (% +219) 8 —(% —212)8 — 216747 | 240x547 | 2ehy3 1 2 88y, 

(27) (28 +22) 8 —(2%y —42)8 9484747 9407547 | 992431 Ory. 
Subtracting (27) from (26), 

(28) (x® +232) 8 — (48 — 212) 8 — (2648 +2*) § +. (2%%8 —22)8 


=(2*%7) 8 — (2%%7) 8 +724 (2% — 2%) +(2"x) 8 — (28x) 8 
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Hence 


(29) 7(2%4 28%) — +e) ~(* = wy 


(0 +BY (om -3) 
arene scares (22) +(2)" 


so that 6(8)<8. 
6. Proof of 0(13)<25. 
We start with Sastry’s identity.® 
(30) 2 {(% +a)? +(x—a)%}=Z {(% +0)? +(x —5)%}. 


where a4 runs through the values 1, 7, 17, 30, 31, 36 
and 0b runs through the values 3, 4, 19, 27, 34, 35. 

Integrating (30) four times w.7.t. x we get 

(31) 2 f(x a) +(x —a)} —2 {(x +b)? +(x —)} 

=cx +dx, 

where c +0 (this is easily verified). Changing x into cty’® and dividing by 
y8 we get d expressed infinitely often as a sum of 25 thirteenth powers of 
rational numbers. Hence 6(13)<25. 


7. Proof of Min [8(7), ¢(7)|<11. 
Integrating 3 times the relation (21) we get 
5 5 
2 (x+a,)?’— 2 (x+b,)’ = cx*+dx-+e 
s=1 s=1 


where (this is easily proved) c+0. Now 


cx*?+dx+e=c (« +5 =) +e—F. 


Hence putting n+2 =c*y we get g=(20)"(e— i) expressed infinitely 
often as a sum of 11 seventh powers of integers. We have 5(7)<11 or 
e(7)<11 according as g+0 org=0. This, by giving 6 and ¢ special values 
in (21) [see (19) and (20)], is merely a matter of numerical calculations. 

Nore added, June 18, 1935.—Theorem 1 [(8) above] of this paper 


is equivalent to the result »(6)<6 proved by Wright in Journ. London 
Math. Soc., 1935, 10, 94—-99 [Theorem 2]. Wright also proves ¢«(8) < 15. 





3 In a paper recently communicated to these Proceedings. 
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1. Introduction. 


WE shall concern ourselves in this paper with the optical effects arising from 
the passage of light through a thin plate of transparent material, the thick- 
ness or the refractive index of the substance of which exhibits more or less 
abrupt variations along its surface. The relation between the diffraction 
effects produced by such variations of thickness or refractive index and the 
appearance of the boundaries at which they occur when examined under the 
microscope is the special topic which will receive attention. 

It is obvious that the effects occurring at the laminar ‘‘edges”’ must 
depend on the precise configuration of the wavefront of light after its passage 
through the plate. Lummer and Rieche! and more recently N. K. Sur,? who 
have applied the theory of microscopic vision to the case of laminar diffrac- 
tion, assume that the wavefront after the passage through the plate exhibits 
an abrupt discontinuity on either side of the “edge This can however 
be the case only if the variation in the thickness, or in the case of the varia- 
tion of the refractive index the total thickness of the plate, be small compared 
with the wavelength of the light used. When these conditions are not satis- 
fied, various complications will arise and the change of phase instead of 
being quite abrupt will be distributed over an appreciable part of the wave- 
front. P.N. Ghosh? has considered cases in which the variation in thickness 
takes place gradually from one point to another and has worked out the 
consequent diffraction effects at a distance from the plate. The influence 
of the shape of the laminar edge is particularly well exhibited in the case of 
“‘mixed plates,’ studied in detail by Prof. Raman‘ and his collaborators, 


” 





1 Lummer and Rieche, Bildenstehung im Mikroskop, Fr. Vieweg und Sohn (1910), p. 75. 

2.N. K. Sur, Proc. Ind. Ass. Cult. Sci., 1922, 7, 125. 

8 P. N. Ghosh, Proc. Ind. Ass. Cult. Sci., 1921, 6, 61. 

# Raman and Banerji, Phil. Mag., 1921, 41, 338, 860; 1921, 42, 679; and K. Seshagiri 
Rao, Proc. Ind. Ass. Cult. Sci., 1923, 8, 243. 
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where the edges are drawn inwards under the action of surface tension and 
diffract a considerable amount of light through large angles in a markedly 
unsymmetrical manner. 

N. K. Sur, as also Lummer and Rieche proceeding on the assumption of 
an abrupt phase change have worked out the appearance of the edge under 
the microscope in accurate focus. They deduce that the edge will appear as 
a fine dark line bordered symmetrically on either side by a set of fine equi- 
distant fringes whose visibility quickly fades off with increasing distance from 
the edge. Sur himself reports, however, that his experiments show that the 
fringes are distinctly asymmetric in character, the visibility and the number 
being greater on the retarded side than on the other. This asymmetry 
becomes more pronounced as the microscope is put out of focus. 


2. The Becke Phenomenon. 

When a low-power microscope is focussed on a laminar ‘‘edge’’ the latter 
is seen in focus as a dark line. As the microscope is gradually disturbed 
from the focus a bright, line detaches itself from the dark line and moves 
laterally : it moves towards the retarded side as the microscope is raised 
from its position of focus and moves towards the other side when the micro- 
scope is lowered. These effects constitute what is known the Becke Pheno- 
menon, the bright line being referred to as the “ Becke line’. When the 
line is caused by a variation in thickness it may be used to determine the 
refractive index of the specimen. Liquids of known different refractive 
indices are tried as films on the plate till the “‘ Becke line” vanishes. This 
happens when the refractive indices of the specimen and the liquid agree 
completely. 

The usual explanation of the Becke phenomenon is based on geometrical 
optics. When a convergent beam of light is used to illuminate the specimen, 
some of the rays striking the ‘‘edge’’ from the side of the greater refractive 
index will undergo total internal reflection. Therefore over a narrow region 
on the retarded side there will be more rays entering the microscope than on 





the other side. When the microscope is focussed at the edge itself the light 
will be brought to a point conjugate with the edge itself. But when raised 
from that position the microscope is really focussed on a plane above the 
plate and the excess of light, resulting from total internal reflection, is 
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focussed to a point in the image plane conjugate to a point near the 
“edge’’. Its distance from the edge increases as the distance of the 
“‘focussed’”’ plane from the specimen increases. 

This explanation demands the disappearance of the phenomenon in 
parallel light incident normally to the plate. But the phenomenon is found 
to persist here as well. It seems, therefore, that the simple geometrical 
explanation is inadequate. In what follows an attempt is made to explain 
the asymmetry observed both in and out of focus as diffraction effects pro- 
duced by the edge, by adopting a certain modification in the form of the 
emerging wavefront, as suggested by Prof. Raman® in a recent paper. 


3. The Theory. 


We consider plane waves incident normally on the specimen. Denoting 
by 2p the excess of path retardation suffered by one half of the wave over 
the other in its passage through the plate, we have 

2p = (ui —p2) t 

where p is the greater refractive index, p2 the other refractive index and ¢ 
the thickness. As mentioned before, N. K. Sur assumes that the wavefront 
after its passage through the plate exhibits an abrupt discontinuity on either 
side of the edge (Fig. 2). This can hold good only when the thickness is 
very small. With a greater thickness comparable with the wavelength of 
light, it is not likely that the discontinuity of the wavefront will be so sharp ; 
the discontinuity will extend over a range and may be tentatively taken to 
have a straight slope from — X, to + X, (Fig. 3). 














+P —_——_ +P eitenbi aia. - 
ti{___ WHIZ” WLLL 
By #: F2 1 
Fig. 2. Fie. 3. 


Now the phase of the wavefront as it emerges from the specimen will be 
represented by 


+ p from X = —co to — &, 

aa oe P 

kX from X 7s = 

and —p from X= 3 to + oo, 


—k represents the slope of the wavefront at the “‘edge’’. 
The expression® for the resultant amplitude of light wave at a point in 





5 Sir C..V. Raman, Proc. Ind. Acad. Sci., 1935, 1, 585. 
6 Lummer Rieche, Loc. cit., p. 90. 
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the image plane of the microscope conjugate to a point (x, y) in the object 
plane due to a luminous point (X,Y) in the rhe plane is given by 


S= yr riz dt dn ff $(X, Y).sin 1 (Vt (x—X) E-(y-Y¥) 9 
Aperture Obiect a b (X, Y)} aX. ay. 





Fig. 4. 


é, » are the angular co-ordinates of a point in the aperture with respect to 
O, ¢ (X, Y) is the transmission coefficient at the point (X, Y), and #% (X, Y) 
the corresponding phase. 
When we consider an object and a rectangular aperture both symmetric 
with respect to the Y axis, the expression reduces to 
+€ 
o = + f ax f os) - sin 22 + {Vvi- (x —X) €+4(X)} dé 
Object —€ 
We may take the transmission coefficient to be the same for both the 
9 
media, so that ¢ (X) is a constant. The factor = may be omitted for con- 
venience only to be restored for numerical calculations. The variation of 
the phase ¢ (X) over the wavefront has already been given. Then, omitting 
constants, 


p 
aa +€ 
S= / dX [ sin {Vi--(x—X) €+p} dé 
fun oa 
p 
a aoe 
+f ax f[ sin {Vi—(x—X) §—kX} dé 
p -é 


k 


+ fax f sin {Vi—(x—X) €—p} dé. 
p —§ 


Ss 
A2 F 
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If we represent 
zx 





zx 
i (x), and / < ® dx by Ci (x) 





0 


we have 


S= sin Vi-cos p[w—Si(x+f)¢+si(x—f)é ]+ Asin vi 


+ cos Vi-sin p [ si(x 4- £)é—si(x—- eye ] — Bcos Vi, 


4 
where A = / TRE 0s (RX) dX 
r 
ont B= [ © nt oe xe sin (KX) dX 
_P 
ihe 


When integrated 
A= Si(k+é) (« + 9) — Si (k+é) (« i 


) 


+ Si (k-£) (« + r) ~ Si (k—-2) (« " e) 


) 


+ Ci (k—-£) (« rs e) — Ci(k—2) (« ‘ r). 


Com) 


and 


Colm) 


B= —Ci(k+e) (x + t) + Ci (k+é) (x- 


the help of tables for Ci and Si functions computed by Glaisher.? 





2a 
of Y x€. 





7G. W. L. Glaisher, Phil. Trans. Roy. Soc. A, 1870, p. 367. 


The intensity is given by the sum of the squares of the coefficients of 
sin Vt and cos V/ in the expression for S. The intensity curves are drawn for 
different values of the path retardation 2p, using different values for k, with 


In the calculations the value of € the semiangular aperture of the objec- 
tive of the microscope is taken as 0-5. The abscissa of the curves are values 
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Slope k =1. 














Fig. 5. 2p = .. Fic. 6. 2p = 2% A. 








Fic. 7, 2p = 6%A. 

Fig. 5 is drawn for the value of 2p = a4 a fraction of a wavelength. It 
shows no asymmetry. The maxima and minima are sharp and equispaced. 
Fig. 6 is drawn for the value of 29 =24A, of the order of a few wavelengths. 
It shows some asymmetry on the right side. But the minimum at the edge 
is smaller than in the previous case -and is distinctly wider. Fig. 7 
represents the illumination when 2p is much greater. The central minimum 
widens out considerably. 

Slope k=}.—The slope is small enough to allow the majority of the 
diffracted rays into the microscope. 


pais snc Nan 


Fia. 9. 2p = 24% ae 
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Fig. 8 is drawn for the value of 2p = f a fraction of a wavelength. The 
fringes are asymmetric with a sharp central minimum. But as the retardation 
increases the extent of the sloped part of the wavefront increases and the 
fringes are practically washed out. Fig. 9 is drawn for the value of 2p = 234A. 

P. N. Ghosh’ has worked out the Fresnel diffraction pattern, caused 
by a wavefront of the form we have postulated, at a large distance in front, 
of it. When we consider a pattern close to the edge, only the size of the 
pattern is diminished, so that it is not necessary to work out the details here. 
The microscope when out of focus with respect to the laminar edge is really 
focussed on this Fresnel pattern. The general form of the pattern is as 


reproduced below. 


Fia. 10. 








This explains why the asymmetry becomes prominent as the microscope 
is put out of focus. It merely magnifies the Fresnel diffraction pattern 
produced by the deformed wavefront. 

The form of the wavefront postulated evidently succeeds in accounting 
for a certain amount of asymmetry in the pattern observed in a microscope 
in accurate focus. It also accounts for the asymmetry of the pattern when 
the microscope is put out of focus. A rigorous solution of the problem is, 
however, desirable which takes into consideration the boundary conditions at 
the two surfaces and also at the ‘‘edge”’ of the transparent medium. The 
treatment given by Raman and Rao? on the lines of Sommerfeld’s solution 
of the problem of diffraction by a straight edge explains the existence of large 
angle diffraction by the laminar boundary but not the asymmetry considered 
in the present paper. 

4. Visibility of Laminar Boundary. 

It is interesting to calculate the minimum path retardation that may be 
detected by the observation of a dark line in the microscope under direct 
illumination. Following Michelson let us call the expression 


Tmax a Twin 


I max + Tin 








8 P. N. Ghosh, Proc. Ind. Ass. Cult. Sci., 1921, 6, 61. 
® Raman and Rao, Proc. Phy. Soc., 1927, 39, 453. 
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the visibility of the fringe system. In the present case 
Inax = 7 COS p + G + 0-28).2 sin p. 


and 
Inn = 7 COS p. 
According to the criterion of visibility due to Lord Rayleigh, the fringe 
system will cease to be visible when its visibility as defined before, comes 


down to a Solving for p, we get in the limiting case 


p = 2}° (approximately) 

i.e., 29 =5° or corresponds to a retardation of =. 

This gives a lower limit to the detectable path retardation when viewed 
in direct light. When, however, the edge is viewed in oblique illumination 
and appears as a bright line, its visibility will be limited only by the back- 
ground illumination if any, and much smaller changes of thickness should be 
visible, provided they are sufficiently abrupt. 

Let me record here my humble thanks to Sir C. V. Raman, Kt., F.R.S., 
N.L., for the suggestion of the problem and the keen interest he took in the 
work, 

5. Summary. 

A sharp laminar edge appears as a dark line bordered by asymmetric 
fringes when examined in direct illumination under a microscope. The theories 
of Lummer and Rieche as also Sur, based on the assumption of an abrupt 
change of phase in the emerging wavefront, fail to account for this asymmetry, 
The Becke phenomenon—the appearance of a bright line close to the dark 

e line corresponding to the ‘“ edge’’ when the microscope is put out of focus— 
merely represents the strongly asymmetric character of the pattern in the 
out-of-focus position as well. The simple geometrical explanation of the 
phenomenon as usually given is shown to be inadequate as it fails with normal 
parallel light. It is postulated that the phase change caused by the edge is 
not abrupt but is gradual and extends over a part of the emerging wavefront. 
The theory of microscopic vision as applied to such a deformed wavefront 
shows the pattern as observed in focus to be asymmetric. The same postulate 
also explains the asymmetry in the out-of-focus position—the Becke 
Phenomenon. Thus the asymmetric microscopic appearances both in and 
out-of-focus are explained as due to asymmetric diffraction effects at the 
edge. An estimate of the smallest path retardation that may be detected 

under direct illumination is also made. 
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WHEN a dam is built on porous strata such as generally exist at the beds 
of rivers, there is an underground flow through the porous strata under the 
masonry, from the upstream to the downstream. Accompanying this flow 
there will be a pressure acting upwards from below on the masonry floor. 
An accurate knowledge of this uplift pressure and the nature of its distribu- 
tion is of fundamental importance for purposes of designing a dam. There 
have been many attempts to investigate by direct measurements from labo- 
ratory models of dams, the way in which this pressure varies with different 
forms of design. The usual method for model work is to build a tank of 
convenient size with a number of holes fitted with manometers. The tank 
is then filled with sand representing the sub-soil strata and the model of the 
dam is placed on the sand. A head of water is maintained on the upstream 
side of the model of the dam and the pressure distribution is indicated by 
the manometers. A very large number of measurements and readings are 
required to obtain satisfactory results. The above method is very laborious. 


An accurate and quick method for studying this pressure distribution 
was therefore highly desirable. From the analogy between the Ohm’s law 
for conduction of electricity and Darcy’s law for the conduction of water 
through porous media, N. N. Pavlovsky' suggested as early as 1921, that 
an electrical method could be employed, for the purpose of studying the 
sub-soil pressures under dams. Some attempts were made in this direction 
by Lane and co-workers? in America, but no definite conclusion was arrived 
at. The experimental evidence was very unconvincing and the electrical 
method stood almost rejected. The question whether the electrical method 
gave results agreeing with direct measurements or not, is of fundamental 
importance. For if the potential distribution in conductors is the same as 
the pressure distribution in the sub-soil under the models of dams, then the 
potential law and the equations of Laplace can be employed for the study of 
this pressure distribution. If the Laplace equations do apply, then the 


22 

















Potential Distribution in Infinite Conductors 23 


mathematical foundation for the flow of water under dams is established. 
If the Potential law does not hold then the problem of sub-soil flow under 
dams must be attacked from a different standpoint. It was therefore highly 
desirable to investigate the problem very accurately and compare the 
results obtained by different methods, theoretical as well as experimental. 

In investigating the various cases we were limited to two simple types 
(1) A simple impervious floor flush with the surface of the porous strata, 
(2) The same case with sheet-piles.* For both cases, theoretical solutions 
and direct measurements in models existed and so the results of the electrical 
method could be compared with direct observation of pressure and with 
theoretical solutions. 

2. Experimental. 

The apparatus for the electrical experiment consists of two parts, the 
model tank and the source of the alternating current. These are shown 
in Fig. 1. The tank is 4 feet long and 3 inches deep. AB and CD are two 
thick conducting plates of copper each 1-5 feet long representing the surfaces 
of the porous strata on the upstream and downstream of the dam. BC is an 
ebonite plate 1 foot long and flush with the conductors representing the 
non-porous masonry of the dam. 


In the first set of experiments the tank was rectangular being about 
4’'x3’x3". It was thought that the potential distribution round BC would 
not be affected by the outer boundary, but it was found that this introduced 
an error of about 5 per cent. The outer boundary ARD of the tank was 
then made elliptical in shape with B and C as foci. The elliptical shape of 
the boundary conforms to the theoretical condition, that the boundary is 
at an infinite distance away. The tank S is filled with a dilute solution of 
ammonium chloride. P is a probe made by fusing a platinum wire into a 
glass tube, the end of the wire alone being exposed. P, is a jockey moving 
on a ten-metre potentiometer wire WW. T is a headphone connected as 
shown in the figure. 

The potentiometer wire serves as a potential divider. The ends of the 
potentiometer are connected in parallel with the A.C. source and with the 
conducting plates as is shown in the diagram (Fig. 1). The wire was accu-. 
rately calibrated. 

The A.C. source (Fig. 1) is obtained from a Neon oscillator with an ampli- 
fier. ‘This arrangement which is shown completely in Fig. 1 is a very con- 
venient source of oscillating current and a sharp null point is obtained in 





* A sheet-pile is an impervious obstruction driven generally at right angles to the 
impervious horizontal floor into the sub-soil, 
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»?) 
AMPLIFIER OSCILLATOR 
Fie. 1. 

C;—Fixed Condenser N —Neon Bulb 
V —Triode Valve R,—High Resistance 
Te— Transformer R2—Rheostat 
A —Filament Battery C,—Variable Condenser 
B —Plate Battery C2—Fixed Condenser 
C —Grid Battery T,—Transformer 


the phone. A high accuracy in determining the null point is required in 
this experiment, because it can be seen from the arrangement that the total 
fall of potential between the ends of BC is equal to the fall at the ends of 
ten metres in the potentiometer and the problem is to determine very 
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accurately the potential of the various points along BC, The present arrange- 
ment for determining the potential was found so good that the null points 
in the phone could be determined with absolute certainty. The success 
of the experiment was mainly due to this part of the technique. The method 
may be employed with advantage for measurement of resistances where 
an A.C. is to be used. 

In the preliminary experiments where ordinary buzzers were used, no 
definite results were obtained. 

The details of the arrangement can be understood from the diagrammatic 
sketch in Fig. 1. 

3. Method of Observation. 

In carrying out an experiment, the moving contact P, in the potentio- 
meter (Fig. 1) is placed at 1/20th of the potential and by probing with the 
help of P, the series of null points corresponding to this potential are marked 
in the tank. P, is then moved to 2/20th of the potential and the observations 
are then repeated. A complete set of equipotential lines for decrements of 
5 per cent. of the total potential drop is thus traced on the bottom of the 
tank. To facilitate the direct marking of the points, the bottom of the tank 
was made of ground glass. Tracings of the points are then made and 
reduced to a convenient size for comparison. 

4, Direct Measurements. 


As pointed out in the introduction, the direct measurements on model 
were carried out in tanks. 

The size of the tank for direct measurements was the same as for the 
electrical method, to facilitate comparison. The details of the method for 
direct measurement of pressures under models are given in a memoir of the 
Institute.® 

5. Theoretical Calculations. 

The theoretical calculations for the distribution of pressures mentioned 
in cases 1 and 2 have been made by Weaver.‘ In the case of the simple 
impervious floor the solution for the pressure lines gives a confocal system of 
hyperbole with the end of the masonry as foci. This corresponds to the 
system of equipotential lines obtained in the case of a magnetic or electric 
dipole in an analogous case. The lines of force are a system of ellipses with 
the poles as foci, 7.¢e., in the case of flow of water the streamlines would 
correspond to a similar system of ellipses. In obtaining the solution, the 
potential law of flow was assumed. In the simple case mentioned, the 
solution for the pressure distribution will be an S curve. When a sheet- 
pile is introduced at one end, the system of equipotential or equipressure 
lines becomes very complicated and the mathematical solution difficult. 
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Weaver‘ has worked out a theoretical solution for the case of one sheet- 
pile and reference may be made to that paper for details of the calculations. 
For the sake of clearness, one diagram from his paper giving a graphical 
representation of the mathematical calculation is reproduced in Fig. 2. For 
ordinary cases of weirs which are generally very complicated, the mathe- 
matical solutions have not yet been obtained and they are very difficult. Only 
experimental solutions for the pressure distribution for the complicated 
cases are thus possible. 
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Fie. 2. Lines of Seepage Flow and Lines of Equal Pressure under Dam 
with Sheet-Piling. 


(Reproduced from the Journal of Mathematics and Physics, June 1932.) 


6. Results. 
The results are represented graphically in Figs. 3 and 4. 
Case I. 


A simple impervious floor flush with the surface of the porous strata—The 
complete system of potential lines obtained from the electrical method, 
direct measurements and theoretical calculations are shown in Fig. 3, only 
one half of the system being shown. The difference between the results of 
the electrical method and that of theoretical calculations was generally less 
than 0-:2%. This small error was due to resistances at the contacts and of 
the leads. The difference between the results of the direct measurements 
and those of the electrical method was about 3%. This agreement should 
be taken as remarkably good when the various sources of error and difficulties 
of measurements in the direct method are considered. 


The potential distribution on the non-conductor corresponding to the 
pressure distribution along the bottom of the masonry is compared in Curve 1, 
Fig. 4. The points obtained by the two methods and those of the theoretical 
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calculations fall on the curve showing that the results of the electrical method 
are identical with those of direct measurements and of theoretical calculations. 

In the curves a represents the ratio of the length of the horizontal 
masonry to that of the sheet-pile. aco therefore means that there is no 
sheet-pile. 


Case II. 


(a) Same as Case (I) with a sheet-pile at an end.—When a non-conductor 
of 2-4 inches is introduced at one end, at right angles to the non-conductor 
which is twelve inches long, the ratioa becomes 5. The results of the electrical 
method, of direct measurements and of the theoretical calculations for such 
a case are compared in Curve 2, Fig. 4. The pressure distribution along the 
horizontal part is alone shown in the diagram. The results again agree. 
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of headwater pressure for various Ratios and of width of Base 
of Dam to depth of Sheet-Piling at the Heel. 





(b) A simple floor with a sheet-pile the ratio a being 3.—In this case no 
direct measurements were available. The results obtained by the electrical 
method again agree with those of the theoretical calculations as shown in 


Curve 3, Fig. 4. 
OTHER CASES. 


Some other cases of complicated models were also examined by the 
electrical method and the results were compared with those from direct 
measurements. The results in those cases agreed, but they are of more 
practical importance to the engineers, and no mathematical calculations 
have so far been made for them. They are not therefore shown here. 
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7. Discussion. 


It is obvious from the results obtained that the law of flow of water in 
the sub-soil under dams is the same as the law of potentials in conductors. 
That previous experimenters failed to obtain identical results from direct 
measurements and from the electrical method, must be attributed to faulty 
technique in their methods. The fact that the potential distribution in 
conductors and the pressure distribution in the sub-soil under dams are of 
the same form, establishes the mathematical foundation for designs of such 
works and as such should be considered as a great advance on our existing 
knowledge. The experiments also incidentally verify the theory worked 
out by Weaver. From the practical standpoint, it becomes very easy now 
by the electrical method to determine the pressure distribution for any 
complicated design of a dam. It is however worth while to remark that the 
geological conditions such as stratification of the layers modify the pressure 
distribution, but this is a local condition and does not alter the fundamental 
basis of the laws of design. Attempts are being made in the Institute to 
try to simulate the geological conditions as well. 


Summary. 
It has been shown by experiments that the distribution of pressure in 


the sub-soil under dams is the same as potential distribution in conductors. 
The theoretical basis of sub-soil pressures under dams is thus established. 
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The absorption bands of SO, have been measured and the number of recorded bands 
considerably increased. The analysis of this band system is still to a large extent arbitrary 
and several arrangements of the bands are possible. Since, however, the symmetric valence 
vibration of unexcited SO., as known from Raman Effect and infra-red spectrum, has 
nearly the same value as the vibration of the molecule SO, known from its band spectrum, 
preference is given to an arrangement of the SO, bands, by which the symmetric valence 
vibration of excited SO, gains almost exactly the same values as that of excited SO. 


THE absorption bands of sulphur dioxide in the near ultra-violet have 
been studied in more recent years by several authors. Dutta! obtained a 
small number of the bands whereas Watson and Parker* reported a large 
number of them. Dutta’s analysis covers only a limited number of bands 
even among the bands obtained by him, whereas that of Watson and Parker 
is open to serious objections as pointed out by Dutta and later workers. The 
most serious is certainly that they obtain three different origins which is 
obviously impossible. Clements® has given a new analysis of the bands 
recently. He has chosen a rather weak band at 31945 cm.~ as the (0, 0, 0)”"> 
(0, 0, 0)’ transition on account of its behaviour under different temperatures. 
It should be possible indeed to single out the (0, 0, 0)”—(0, 0, 0)’ band on 
these considerations of changes in intensity with temperature. But the 
particular procedure adopted by him contains a number of theoretical and 
experimental simplifications and therefore 31945 cm." is not the only possible 
value for this transition. We have shown in this paper that the subsidiary 
maxima which accompany the main ones are also independent bands. There- 
fore intensity measurements become even more difficult because such sub- 
sidiary maxima can arise in quite different ways, e.g., by a complete overlap 
of a strong broad band and a weak one or by the partial overlap of two narrow 
bands of about equal intensity. Clements has divided the bands into two 
different groups—the low frequency group and the high frequency group. 
The high frequency group consists of composite transitions to the vibrational 
levels of two modes of vibrations in the excited state of the molecule from the 
vibrationless state of the ground level, while the low frequency group arises 
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from transitions from the vibrational levels of the excited state of the ground 
frequency 525 to various vibrational levels of the normal state of the mole- 
cule. This division of the bands into two distinct groups means physically 
that the excited vibrational levels of the ground term of the two modes 525 
and 1144, which are used for thee xplanation of the low frequency bands, do 
not combine with the excited vibrational levels of the excited terms of the 
1144 mode, which are used for the explanation of the high frequency bands. 
Theoretically a selection rule which forbids such transitions is of course not 
known. We have observed the bands during our study* of the absorption 
of the chlorides and oxychlorides of sulphur under different conditions. 
We rather think it likely that all the bands are more intimately connected 
with one another. To our mind there are also some other reasons which 
go against the analysis proposed by Clements. Firstly, according to the 
Franck-Condon diagram, we would not expect the band at the origin to be 
just one of the weakest, unless of course there is an abnormal change in 
internuclear distances on excitation. Secondly, he obtains in the excited 
state of the molecule, the frequency of symmetric deforming vibration 
decreased while that of the symmetric valence vibration increased. On 
the other hand, we have found a possibility of a different analysis which has 
a certain advantage. It is well known from infra-red and Raman spectra® 
that in SO, the symmetric valence vibration has about the same value as 
that of SO in the ground state, which again agrees with the fact that the 
energy of the S=O band remains very nearly constant. In the analysis 
proposed here, also the symmetric valence vibration in the excited state of 
SO, is of the same order of magnitude as that of the excited state of SO. At 
the same time our analysis interprets the bands as a uniform system, 1.e., 
those on the high frequency side as due to transitions from the lower vibration 
levels of the ground state and those on the low frequency side as transitions 
from higher vibrational levels of the ground state. 
Experimental. 

The bands were obtained in the usual way with the apparatus described 
elsewhere* at different temperatures and pressures. Spectrograms were 
taken with pure SO, and with SO, in the presence of other vapours like SCl,, 
SOCI,, etc. The plates were run on the recording microphotometer with 
different enlargements. The microphotograms were then measured by an 
Abbe comparator, and thus the bands as well as the standard lines which were 
also present on the microphotogram were directly compared. Several micro- 
photograms were measured and the wave-lengths of the bands calculated by 
the usual Hartmann dispersion formula agreedto0-3 A.U. The mean value 
of the wave-lengths was then taken so that the accuracy obtained was within 
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5 to 7 cm.-! This allowed us to include also such bands which appear as 
subsidiary maxima due to overlapping. Only such subsidiary maxima, 
as were common to all the plates measured, have been included. On the 
still shorter wave-length side where the bands become diffuse, it was not 
possible to identify with certainty more bands than are tabulated here. 
Clements, however, has measured a few additional bands in this region which 
probably can be included in the present analysis within the error of his 
measurements. ‘Table I gives the list of bands and Fig. 1 (Plate I) 
is a sample photometer curve. The lower frequency bands have not been 
measured but the values given by Clements are utilised for the time being 
to show that it is possible to extend the present analysis to them. 


TABLE I. 





A (A.U.) in air | Classification 





3131- 31926 A, (0, 1, 2)” > (0, 1, 2)' 
3130 « 31937 A, (0, 0, 2)” > (0, 2, 0)’ 
3107 - 32168 B (0, 1, 0)” > (0,0, 0)’ 
3087 +6 32378 C, (0, 2, 0)” > (0, 2, 0)’ 
3086 - 32393 ©, (0, 0, 2)” > (0, 0, 2)’ 
3067 - 32586 D, (0, 1, 2)" -> (0, 2, 2)’ 
3066 - 32606 D, (0, 0, 2)” > (0, 3, 0)’ 
3046 - 32817 FR, (0, 0,1)” > (0, 0, 1)’ 
3044-6 32836 E, (0, 1, 0)” > (0, 1, 0)’ 
3043 - 32844 B, (0, 2, 0)” —> (0, 0, 2)’ 
3025 - 33048 (0, 2, 0)” > (0, 3, 0)’ 
3023 - 33066 (0, 0, 2)” > (0, 1, 2)’ 
3005 - 33259 (0, 0, 2)” —> (0, 4, 0)’ 


3001 - 33303 (0, 0, 0)” > (0, 0, 0)’ 


2985 - 33487 H (0, 1, 0)” — (0, 2, 0)’ 
or (0, 0,1)” — (0,1, 1)’ 

















The Near Ultra-Violet Absorption Bands of SO, 33. 











A (A.U.) in air v vac Classification 
2966 -5 33700 I, (0, 2, 0)” > (0, 4, 0)’ 
or (0, 0, 2)” > (0, 2, 2)’ 

2964-8 33719 I, (0, 0,1)” > (0, 0, 2)’ 
2962 -7 33743 I, (0, 2, 0)” > (0, 0, 3)’ 
or (0, 1, 0)” > (0, 1, 1)’ 

2946 -6 33928 K, (0, 0, 1)” > (0, 3, 0)’ 
2944 -9 33947 K, (0, 1, 0)” > (0, 0, 2)’ 
2943 -7 33961 K, (0, 0, 0)” > (0, 1, 0)’ 
2926 -8 34157 L, (0, 1, 0)” > (0, 3, 0)’ 
2924-4 + 34185 L, (0, 0, 0)” —> (0, 0, 1)’ 
2908 -8 34368 M (0, 0, 2)” > (0, 3, 2)’ 
2889-1 34603 N, (0, 0, 1)” > (0, 0, 3)’ 
2888 +3 34612 N, (0, 0, 0)” —> (0, 2, 0)’ 
2869-0 34845 O (0, 1, 0)” + (0, 0, 3)’ 
or (0, 0, 0)” — (0,1, 1)’ 

2853-7 35047 P, (0, 0, 2)” > (0, 4, 2)’ 
2850-0 35078 P, (0, 0, 0)” > (0, 0, 2)’ 
2833 -3 35284 Q (0, 0, 0)” > (0, 3, 0)’ 
2819-1 35462 R, (0, 0, 2)” > (0, 2, 4)’ 
2817 -5 35482 R, (0, 2, 0)” > (0, 4, 2)’ 
2800-3 35700 S (0, 1, 0)” > (0, 0, 4)’ 
2781-0 35948 T, (0, 0, 0)” > (0, 4, 0)’ 
2779 +3 35970 T, (0, 0, 0)” > (0, 0, 3)’ 
2766-3 36139 U (0, 0, 2)” > (0, 3, 4)’ 
2747 -3 36389 V (0, 0, 0)” —> (0, 2, 2)’ 
2681-1 37287 W (0, 0, 0)” > (0, 2, 3)’ 
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TABLE II. 
| (0,0, 0)” (0, 1, 0)” (0, 2, 0)" 
(0, 0, 0)’ 31937 A, 1136 (30801) 1109 (29692) 
458 440 447 
(0, 1, 0)’ 32393 C, 1152 (31241) 1102 (30139) 
451 478 443 
(0, 2, 0)’ 32844 By 1125 (31719) 1137 (30582) 
459 449 446 
(0, 3, 0)’ 33303 G, 1135 32168 B 1140 (31028) 
440 438 
(0, 4, 0)' 33743 I, 1137 32606 D, am 
442 460 
(0, 5, 0)’ 34185 L, 1119 33066 F, 1140 | 31926 A, 
427 42 452 
(0, 6, 0)’ 34612 N, 1125 33487 H 1109 | 32378 C, 
466 441 458 
(0, 7, 0)’ 35078 P, 1150 33928 K, 1092 | 32836 E, 
404 440 423 
(0, 8, 0)’ 35482 R, 1414 34368 M 1109 | 33259 G, 
466 477 460 
(0, 9, 0)’ 35948 T, 1103 34845 O 1126 3719 I, 
441 439 438 
(0, 10,0)’ | 36389 V 1105 35284 Q 1127 | 34157 L, 
416 446 
(0, 11, 0)’ _ 35700 S 1097 | 34603 N, 
439 444 
(0, 12, 0)’ _ 36139 U 1092 | 35047 P, 
415 
(0, 13, 0)’ | —_ _ 35462 R, 
Analysis. 


The analysis of the bands of a polyatomic molecule, in the present state 
of development, is still to a large extent arbitrary. ‘The total number of bands 
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and the possible modes of vibration give entirely different possibilities of 
arrangement. ‘The Raman and infra-red frequencies are of course the guiding 
factors so far as the ground state of the molecule is concerned, but how these 
frequencies will be affected as regards intensity and magnitude in the excited 

TABLE III. 
ws", ws’ frequencies. 
l 
(0, 0, 0)" 0,0,1)" (0, 0, 2)" 
| | 
(0, 0, 0)’ 33303 Gy 1366 (31937 A,| 
(882) (880) 
(0, 0, 1)’ 34185 L,| 1368 32817 E, 1310 |(31507)| 
(893) (902) (886) 
(0, 0, 2)’ 35078 P, 1259 33719 I,| 1326 32393 C, 
(892) (883) 
(0, 0, 3)’ 35970 T,| 1368 34602 N, 
(860) 
\35462 R,| 
TABLE IV. 
Ws", ws frequencies. 
(0, 0, 0)” (0, 1, 0)” | (0, 2, 0)" 
(0, 0, 0) 33303 G, 1135 32168 B 1103 | (31065) 
(658) (668) (654) 
(0, 1, 0)’ 33961 K, 1125 32836 EB, 1117 | (31719) 
(651) (651) (659) 
(0, 2, 0)’ 34612 Nz 1125 33487 H 1109 32378 0, 
(672) (670) (670) 
(0, 3, 0)’ 35284 Q 1127 34157 L, 33048 F, 
(664) (652) 
(0, 4, 0)" 35948 T, 33700 I, 
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states of the molecule cannot be predicted with any certainty. In SO, in the 
normal state, three frequencies corresponding to three fundamental modes 
of vibration are known from Raman and infra-red spectra.5 These are 
525 cm.-! for the symmetric deforming vibration w,”, 1146 to 1150 cm. for 
the symmetric valence vibration w,”, and 1340 to 1360 cm.-! for the anti- 
symmetric valence vibration w,”._ This correlation of the modes of vibration 
and the triangular shape of the molecule are confirmed by the depolarisation 
of the Raman frequency 1340 cm. The infra-red spectrum indicates 122° 
as the OSO angle in the ground state. If we accept the band at about 31945 
cm.! as the origin of the system according to Clements, it is possible by using 























TABLE V. 
0, 0, v3’ (0, 1, 0)” 0, v4’, 0 (0, 0, 1)” 
| 
0 | 32168 B 0 | 31937 A, 
(898) | (669) 
a } 
1 [33066 Fy) 1 | 32606 D, 
(881) | (653) 
D | 33947 K, 2 | 33259 G, 
| (898) | (669) 
| | 
3 34845 O| 3 | 33928 K, 
(855) 
4 | 35700 S 
(0, 2, 0)’ (0, 0, 2)" 
0 (31065) 0 
(880) 
1 ((31945)| 1 (31280) 
(899) (657) 
2 32844 Hy 2 31937 A, 
(899) (660) 
3 (33743 T,| 3 32586 D, 
(860) 
34603 N, 
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TABLE VI. 


Composite Transitions. 
‘Transitions from normal state. 





0," | (0, %, 0)" (0, Vg, 1)’ (0, U3, 2)’ (0, %, 3)’ 





0 | 33303 G, | 882] [34185 LT] | 893| 35078 P, | 892 | (35970 T, 











(658) (660) (664) (683) 
1 33961 K, | 884/| |34845 O} 897 | (35742) 911. | |(36653)) 
(651) (637) (647) (634) 


2 34612 N, 870 35482 R,| 907 | 36389 V 898 37287 W| 


(672) (657) 





3 | 35284 Q | (855) | [0139 U| 
(664) ba 


4 | 35948 T, 



































the additional bands measured by us on the high frequency side to arrange 
all of them in such a way that they represent transitions from the vibrational 
levels of w,” to the levels of w,’ (vide Table II). It will be seen that this gives 
1112 cm. for w,” in agreement with the Raman frequency 1146 cm. and 
458 cm.-! for w,’. This means that in the excited state of the molecule, the 
deforming and the symmetric valence vibrations show a uniform decrease 
in frequency. ‘Thus one of the objections to the earlier analysis would be 
removed but the objection that the bands form, as it were, two distinct groups 
in the two regions, remains. Furthermore, the origin will be represented by 
a weak band, and on the high frequency side there will not be a single band 
due to a combination transition, involving more than one vibrational mode 
of the same electronic state. 

We have therefore tried a new analysis of the bands on the high frequency 
side with the idea to test if it is possible to obtain an analysis which intro- 
duces for the symmetric valence vibration in the excited state of the molecule 
a frequency near to that of the excited SO molecule because already in the 
ground state w,” with 1150 cm. is very near to 1118 cm.-! the frequency of 
SO in the ground state. Indeed, by taking 33303 cm.-! as the origin it has 
been possible to arrange the bands so that all the bands on the high 
frequency side are represented as transitions from the low vibrational levels 
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of the two modes of vibration w,” and w,” to each of the vibrational levels of 
w,' and w,’ separately and in combination. Tables III to VI contain the 
analysis and Fig. 2 gives the schematic representation of most of the transitions 
observed. All the bands have been classified though a few appear to justify 
classification in two ways. ‘These are also shown in Table I. (The bands in 
square brackets will be discussed later.) To test whether this analysis can be 
extended to the low frequency bands listed by Clements we have tried to fit 
in some of these bandstt as due to transitions arising from the higher 
vibrational levels of the ground state. This, indeed, appears to be possible 
as can be seen from the following few examples :-— 








TABLE VII. 
Clements Transition 
yinem. 
31926 (0, 0, 2)" > (0, 2, 0)’ 
31719 (0, 2; 0)" _ (0, i, 0)’ 
31280 (0, 0, 2)’ <P (0, nit 0)’ 
31065 (0, 2, 0)" > (0, 0, 0)’ 
30801 (0, ga 2)’ > (0, 2, 0)’ 
29692 (0, 2; 2)’ —_> (0, 2, 0)’ 








These bands are included in Fig. 2. We feel confident therefore that 
by using one or two more vibrational levels both in the lower and upper states 
and with the possibility of combination and composite bands, it will be possible 
to apply the present analysis to the whole system of bands. This means 
then, that the bands on the low frequency side are simply an extension of the 
other bands and the decrease in intensity follows gradually and closely the 
excitation of the vibrational levels of the ground state. Incidentally, those 
bands which appear at the extreme end of the visible region will be correlated 
to higher vibrational levels of the ground level. We intend to continue our 
work with higher dispersion and greater pressure under different temperatures, 


We have not got enough vibrational levels to obtain definite formule 
for the vibrational functions ; this we propose to do later when work on the 
lower frequency bands is completed. But it can be seen that we obtain 





++ These are included in () brackets in Tables II to VI. 
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Fig. 2. 
w,” and w,” in the ground state and the same two modes of vibration, both 
with decreased frequency in the excited state of the molecule. These are 
summarised in Table VIII. 

The few vibrational levels in the ground state show decrease in spacing 
but those in the excited state are not regular. We are not sure how far this 
is genuine because far from measuring the origins of the bands, here we do not 
measure even the heads of the bands but only the point of maximum intensity 
in each band. Even these points of maximum intensity are affected by the 
overlap of neighbouring band heads. In general, however, the distribution 
of intensity is more or less normal. The bands may be taken to follow 
regular progressions, the confused appearance observed by earlier workers 
being merely due to two modes of vibration being intermixed and to the fact 
that the 220 cm.-! frequency sought for is not genuine but is roughly the 
difference between w,’ and w,’, which therefore cannot be constant. 

The relation between the frequencies of vibration of SO and those of 
SO, is given in Table IX. 

This relation indicates that the distance between S and one of the oxygen 
atoms is increased in the excited state of SO,, in the same manner as the 
internuclear distance increases with decreasing w, on excitation of SO. It 
appears as if SO, in the excited state is no longer isosceles. This agrees with 
the change in the valence angle OSO, found by Jonescu® on a partial rotational 
analysis of the SO, bands, The valency angle of SO, decreases from 122° in 
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TABLE VIII. 
Mode of vibration | Level em,~* 
We 0 0 
1 1128 
2 2238 
wa’ 0 0 
1 662 
2 1312 
3 1978 
4 2636 
w,” 0 0 
1 1365 
2 2687 
; w,’ 0 0 
1 876 
2 1773 
3 2667 
4 3525 
TABLE IX. 
sO SO, 






















Band Spectra | Infra-red Spectrum | Band Spectra 
Unexcited .. 1118 525, 1150, 1360 1128, 1365 
Excited 623 662, 876 
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the normal to 96° in the excited state.*? Herzberg and Teller® have deduced 
a rigorous selection rule according to which the antisymmetric frequency 
should appear if at all as a weak one and only transitions involving an even 
change between its vibrational levels in the excited and lower electronic 
states should occur. In the case of a considerable change of internuclear 
distance on excitation, the rule might be violated in such a manner that also 
transitions with odd changes in vibrational quantum numbers can take place. 
But in this case they have to be weak and the transitions should lead either 
to a forbidden electronic level or to one which involves a forbidden component 
of electric moment. Since in this case the form of the molecule is completely 
changed, no definite prediction can be made unless rotational analysis is 
completed. Furthermore to account for the diffuseness of the bands at 
shorter wave-lengths which in this case cannot be produced by predissociation 
for energetical reasons, Franck, Sponer and Teller® have assumed that a second 
electronic level is very near the excited state involved in these bands. ‘Thus 
a degeneration of the final state of the bands or of certain of its vibrational 
levels is quite possible. 

The analysis given in Tables III, V and VI includes a number of transi- 
tions which are forbidden if Herzberg and Teller’s selection rules are rigorously 
valid. These are included in square brackets and some of them appear by 
no means to be weak. It is, however, possible to classify some of them in such 
a way that the selection rule is not violated. This is shown in Table X. 
Fig. 2 displays such of the bands in square brackets as can be classified 
without violation of Herzberg and Teller’s selection principle, as due to the 
non-forbidden transition. It can be seen that of the seven bands which 
cannot be classified otherwise (these are marked in Fig. 2) four are either 
diffuse or weak but three are not so. Too much importance should, however, 
not be attributed to intensity considerations because as already pointed out 
above, the main maximum of the envelope of several overlapping bands may 
be produced in quite different ways and may be due as often as not, to a 
weak band superimposed on the ascent of a stronger one. This obtains 
particularly to the group of bands I, since this is a very narrow band made up 
of at least three different bands. In reality only the band O, one of the few 
which is not resolved, appears to go against the selection rule. In view of 
all these considerations, experimental evidence is not definite to decide whether 
the selection rule is obeyed or violated on account of either degeneration or 
the complete change which the molecule undergoes on excitation. 

It is, however, strange, that the deforming vibration does not appear 
at all in this electronic transition although it is also a total symmetrical 
vibration, A priori there is nothing known about the frequency of 
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TABLE X. 








| Forbidden 














Non-forbidden 
Band transition foe transition oe Remarks 
31937 A, |(0, 0,1)" (0,0, 0)’ | — 1] (0,0, 2)” (0, 2, 0)’| + 9 |In this case band 
31926 A, can 
be classified as 
(0,1, 2)" (0,1, 2)’, 
the O—C value 
being -+-3. 
32606 D, |(0, 0,1)" (0,1, 0)’ | + 6| (0,0, 2)" (0,3, 0), +12 [In this case 
32586 D, can 
be classified as 
(0, 1, 2)” (0, 2, 2)’ 
with —C= 
+13. 
33066 F, |(0,1, 0)” (0, 0,1)’ | +15] (0, 0, 2)" (0,1, 2) +15 
33259 G, |(0, 0, 1)” (0, 2,0)’ | + 9} (0,0, 2)" (0,4, 0)) + 7 
33719 I, |(0, 0,1)" (0, 0,2)’ | + 8 Vee pan 
33743 I, |(0, 2, 0)” (0,0,3) | +11 superimposed. 
33928 K, |(0, 0, 1)” (0, 3, 0)’ | +12 (Weak). 
34185 L, a 0, 0)” (0,0,1)' | + 6 (Weak). 
34845 O (0, 1, 0)” (0, 0, 3)’ | + 3 (Not weak). 
(0, 1, 1)” (0, 3, 3)'| — 7 
35462 R, |(0, 0,1)" (0,0, 4)’ | —1 or 
(0, 0, 2)" (0, 2, 4)’ — % 
35482 R, (0, 0, 0)” (0,2, 1)’ | — 9 (0,2, 0)" (0, 4, 2)'| — 8 
| 
35970 T, |(0, 0, 0)” (0, 0, 3)’ 0 (Weak). 
| 
36139 U (0, 0, 0)” (0, 3, 1)’ | —18] (0, 0, 2)” (0, 3, 4)'| —20 |Diffuse, uncer- 
| | tain. 
37287 W |(0, 0, 0)” (0, 2, 3)’ | + 5 Diffuse, uncer- 
| ’ 

















tain. 





deformation in the excited level, but in the unexcited it is 525 cm7} 


We do 


not find any vibration in the excited level which might be considered as the 
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modified value of this frequecy and there is certainly no band at a distance 
of 525 cm.-! from the origin, which could be considered to be the (1, 0, 0)” 
— (0,0, 0)’ transition; similar multiples are also absent. In this respect 
the analysis proposed here certainly does not follow the rules developed by 
Herzberg and Teller and the question arises if the complete change of form 
and electric moment of the molecule does not permit even the approximate 
application of their theory. We have already pointed out, that at present 
the analysis of such bands is to a large extent arbitrary and it is of course 
possible to avoid this difficulty by selecting another band as the origin. But 
then we have to fall back on an analysis like that of Clements or rather the 
improved one given in the earlier part of this paper (Table II). It is possible 
then to introduce the total symmetric deforming vibration and to cancel 
the antisymmetric valence vibration altogether and thus remove all the 
difficulties mentioned above, but only at the expense of the objections already 
raised, particularly, the division of the bands into two distinct groups and 
the weak intensity of the band at the origin. For these reasons and on 
account of the similarity of w,.” and w,’ with the corresponding values for 
SO, we prefer the second analysis proposed here in the present state of the 
development of the theory of polyatomic molecules. 


The agreement between the frequencies of the symmetric valence vibra- 
tion in the ground and the excited states with the corresponding frequencies 
of the diatomic SO molecule is particularly interesting. From a large amount 
of chemical and physical evidence, it is known that the bonds in a polyatomic 
molecule can be approximately considered to be independent of one another. 
For example, the constant Raman frequencies, the constant values of dipole 
moments of the same group in different molecules, indicate this. It appears 
as if this holds good also in the excited state, and as if therefore, the electronic 
configuration of the one SO bond in SO: changes on excitation similarly like 
that in SO, quite independently of the other SO bond. The wave-mechanical 
interaction of the two electron pairs of the one double bond with the two 
of the other bond seems to be very weak and the bond appears to be strongly 
localised between S and O. Otherwise such a coincidence will be difficult 
to understand. It might not be too far fetched to suggest that the excited 
state of SO, is brought about by the combination of an unexcited SO molecule 
(2X) and an excited oxygen atom ('D), even as the excited state of SO is 
formed by S (P)+O(!D). That the energies of the bonds S—Cl, S=O and 
S=S remain almost unchanged if molecules like S, and SO possessing two 
free valencies combine with other atoms to form polyatomic molecule, ¢.g., 
S,Cl,, SOC1, is already shown in discussions on the absorption and photo- 
dissociation of the chlorides and oxychlorides of sulphur.‘ 
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The analysis presented here further points out the independence of the 
bonds not only in the ground state but even in the excited state. At least 
for the ground state, it can be said that this appears to be rather general. 
Already a preliminary comparison of band spectroscopic data of diatomic 
molecules with those of the Raman and infra-red frequencies of polyatomic 
molecules, reveals a number of examples in which a similarity between 
the symmetric valence vibrations exists, analogous to the one that exists 
for internuclear distances.!° ‘These data are collected in Table XI. 











TABLE XI. 
Raman effect or Infra-red Band Spectra 
Molecule Vibration (em.-!) | Molecule W, 
H,0 Symmetric | 3600 OH 3568 
valence 
(OB)- | 3615 : m 
CH, Total Symmetric | 2915 CH 2851 
valence 
SnCl, i | 365 | SnCl 351 
PH, Valence P—H |. 2327 PH ~ 2380 
BiCl, . ORs 289 | BiCl 308 
soci, in S=O | 1229 | SO 1118 
POCI, 6s P=O(?) 1295 | PO 1228 
C,H, - C=C 1623 | ©, 1630 

















As the table shows this relation seems to hold good for non-linear polyatomic 
molecules with an even number of electrons. 


Further investigations on this and related problems are in progress. 
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7. Introduction. 


A DETAILED study of the Raman spectrum of liquid carbon disulphide is of 
great importance as it is one of the very few simple molecules that are amen- 
able to such an investigation at ordinary temperatures. Besides a number 
of earlier workers', the following more recent attempts in this direction may 
be mentioned here. Mesnage* employed high dispersion to locate accurately 
the maxima of various Raman lines. Sirkar*® studied the dispersion of de- 
polarisation exhibited by them. Langseth, Sorensen and Nielsen‘ also 
employed high dispersion but obtained results differing markedly from those 
of Mesnage. The latter authors have examined the intensity and polarisation 
characters of Raman lines in detail and have raised several important issues 
regarding their fine structure. None of these investigators, with the excep- 
tion of Langseth, Sorensen and Nielsen, has stressed the necessity of taking 
into account the presence of a vibration rotation Raman scattering accompany- 
ing the depolarised vibration Raman lines. All these questions are of utmost 
significance and need to be investigated in great detail in view of the very 
important recent theoretical work of Fermi’, Dennison® and Placzek’ relating 
to the allowed Raman transitions and their mutual intensity relations in 
the light scattered by linear symmetrical triatomic molecules like CS. and 
CO,. The present paper is an attempt in this direction and describes some 
new and interesting results obtained regarding the intensity and polarisation 
characters of the Raman lines in liquid carbon disulphide. A comparison of 
the experimental results with the predictions of the existing theories is made. 
1 See K. W. F. Kohlrausch, Der Smekal-Raman Effekt, Julius Springer, 1931. 

2 J. de Phys. et le Rad., 1931, 2, 403. 

3 Ind. Jour. Phys., 1933, 8, 415. 

4 Jour. Chem. Phys., 1934, 2, 402. 

5 Z. Physik., 1931, 71, 250. 

6 Phys. Rev., 1934, 41, 304. 

7 “Rayleigh-Streuung und Raman-Effekt,” Marx, Handbuch der Radiologie, 1934, 6, 
part II, 2nd Edition. 
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2. Frequency Shifts. 


The scattered spectrum is photographed for this purpose by means of a 
2 prism glass spectrograph of high resolving power employing a slit 0 -0075 mm. 
wide. The instrument has a dispersion of about 30 A per mm. at 4400 A. 
Alongside the scattered spectrum, is recorded an iron arc spectrum for compa- 
rison with the help of which the wave lengths of the various Raman lines 
are computed. The frequency shifts of the principal line and its satellite 
obtained by Mesnage, Langseth, Sorensen and Nielsen and the author are 
given in Table I. The distance between these two lines is of fundamental 
importance in the theoretical development of the subject referred to earlier 
and an accurate measurement is therefore repeated here with a view to decide 
between the conflicting results available. 


TABLE I. 
Frequency Shifts. 








Mesnage Langseth, etc. Author 
642 -6 648 -3 648 -5 
655 -5 656 +5 655 -3 











An appreciable discrepancy will be noticed from the results in respect 
of the smaller frequency shift. The value 648-5 has been obtained by the 
author for both A 4046 and A 4358 excitations and it agrees very well with 
648-3 reported by Langseth and others. It is therefore to be concluded 
that the figure 642-6 due to Mesnage is rather too low. 


3. Structure of the Principal Raman Line. 


An exposure of about 60 hours is given to record the 656 line and its 
satellite with sufficient density so as to permit of a quantitative investiga- 
tion of the distribution of intensity being made. A scale of intensity marks 
is provided on the same plate using a tungsten ribbon lamp fed by a 220 volt 
battery. Thedensity of the line at different positions and that of the corres- 
ponding points in the set of intensity marks is read with the help of a Moll 
microphotometer and the true distribution of intensity is obtained by drawing 
the density—log. intensity curves. Fig. 1 represents the curve obtained 
in this manner and shows an unmistakable breadth of the line besides two 
prominent peaks which represent the two shifts noted in Table I. A marked 
similarity may be noticed between this and the curve reproduced by Langseth 
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and others® but the new result which arises out of the present investigation 
is the recognition of the fact that whereas the principal peak and its satellite 
marked by arrows are attributable to changes only of the vibrational energy 
of the molecules, the continuous spectrum on either side of these peaks has 
not such a simple origin. This is evident from all the well-exposed pictures 
obtained by the author using a fine slit and is strongly supported by the result, 
to be discussed more fully in the following sections, that while the peaks 
show a degree of polarisation which is nearly ‘perfect the continuous spectrum 
at appreciable distances from the centre exhibits marked depolarisation. 
This fact suggests a common origin for the complex pattern obtained in Fig. 1 
of the 656 Raman line and the nearly completely depolarised continuous 
wings that are usually obtained on either side of a Rayleigh line in liquids. 
The circles in Fig. 1 represent on the same scale the intensity in the 
wing accompanying the Rayleigh line at corresponding distances obtained by 
the author in an earlier investigation.® The almost exact coincidence of 
the results in the two cases in the region investigated lends strong support 
to the views contained in the foregoing paragraph, and the depolarised vibra- 





8 Loc. cit. 


9 Proc. Ind. Acad. Sci., 1934, 1, 274. 
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tion lines, if sufficiently strong, prcvide us therefore with a convenient 
method of investigating the special features that characterise this type of 
Raman scattering in liquids. Such an investigation has been made with this 
line and the detailed results are under publication elsewhere but the following 
important features may be noted here. The fact that the satellite at 648 
is seen asa well-resolved line in the original plate and as a distinctly separated 
maximum in Fig. 1 shows clearly that the instrument is capable of detecting 
any discontinuity or a maximum that may have been present in the wing 
on the longer wave length side of the central peak as well. It may therefore 
be concluded that the intensity of the wing associated with the 656 Raman 
line, as in the.case of that accompanying the Rayleigh line, goes on continu- 
ously increasing as we approach the centre. For a fuller discussion of the 
significance of such a result, reference must be made to earlier communications 
by the author.!° 


4. Depolarisation and Dispersion of Depolarisation of the Raman Lines. 

A glass condenser is used for this purpose to illuminate the liquid con- 
tained in a wide tube and the scattered light is separated into horizontal 
and vertical components by a suitably oriented double image prism. The 
two components are focussed one above the other on to the slit of the 
spectrograph and are photographed simultaneously and for the same time. 
As has already been pointed out by earlier investigators, such an arrange- 
ment would give rise to errors due mainly to lack of strict transversality 
between the directions of incidence and observation and oblique refraction 
at the surfaces of the prisms. Corrections for these errors are 
introduced in the usual manner"™ and the ratio of intensities of the horizontal 
and the vertical components of each one of the Raman lines is determined 
with the help of graded intensity marks given on the same plate by the method 
of varying slit widths. Two independent plates have been obtained using 
a slit width of 0-015 mm. and the mean values are given in Table II. 

For the 656 Raman line excited by A 4358, earlier investigators have 
reported values ranging from 0°3 to0-15. Amongst these, Langseth, Sorensen 
and Nielsen have given the lowest value, viz., 0-15 which is in excellent agree- 
ment with that obtained by the author. For the 796 line, they have reported 
0-18 which is somewhat less than the depolarisation given in Table II. It 
must be noted here that the figures given above have been arrived at only 
by comparing the peak intensities and the results therefore represent the 
state of polarisation of the Q branch which is nearly but not quite completely 





10 Ind. Jour. Phys., 1933, 8, 437 and subsequent papers. 
11 §. Bhagavantam, Ind. Jour. Phys., 1932, 7, 79. 
Aé F 
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TABLE II. 
Depolarisation Values. 
Exciting line fe * 4358 | A 4046 
} | 
Raman line ..| 656 | 796 | 656 796 
Depolarisation a 0-15 0-24 0-20 

















free from the accompanying continuous wing. The wing on the other hand 
exhibits a large depolarisation and as it has already been pointed out in the 
present investigation no separate maximum or a discontinuity in it has been 
detected. This fact of its intensity continuously increasing as we reach the 
centre of the Q branch obviously complicates matters and shows that the 
depolarisation value depends to a large extent on the slit width employed and 
the resolving power of the instrument. Discrepancies between the results 
obtained by various investigators in the past may be ascribed to this fact. The 
presence of such a continuous spectrum which appears to be inseparable 
from the Q branch proper, contrary to the case of gases, makes all quantita- 
tive determinations of either the intensity or the polarisation characters of 
depolarised lines somewhat uncertain as one is unable to say how much of 
the energy is actually in the Q branch itself. 

An important result that may be noticed from Table II is the dispersion 
of depolarisation of the 656 Raman line. Amongst the investigators already 
referred to, only Sirkar has studied this aspect of the problem but the results 
obtained in this paper are in marked disagreement with those reported by 
him. He obtained values of p which are in the ratio of 1 : 0-85: 0-75 for 
the 656 line excited by A 5460, 4358 and 4046 respectively. The figures 
indicate a marked dispersion in which the depolarisation of the line increases 
with increasing wave length. The present investigation shows on the contrary 
an equally marked dispersion but in the opposite direction, 7.e., the depolarisa- 
tion increases with diminishing wave length. Analogy with Rayleigh 
scattering suggests that the result reported by Sirkar is highly improbable but 
the origin of such a discrepancy is not clear. 

5. Intensity of Raman Lines. 

Pienkowski™ reported that the intensities of the 656 and 796 lines are 

in the ratio of 3-1: 1 whereas Langseth, Sorensen and Nielsen obtained a 





12 Acta. Phys. Pol., 1932, 1, 87. 
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value of 12-7 : 1 under high dispersion comparing only the peak intensities .of 
these lines. The latter authors have however obtained a ratio of 3:1 in 
good agreement with the result of Pienkowski by regarding the areas under 
the curves and not the peaks as representing the intensities. Under low disper- 
sion* they have obtained a ratio of 8-3: 1. These discrepant results indicate 
that the experimental conditions regarding the dispersion and resolution are 
of utmost importance in determining the intensity ratios. In the present 
investigation, a high resolving power instrument already referred to and a 
fine slit are employed. The relative intensities of the peaks as well as the 
total areas under each one of the lines have been determined with the help 
of density-log. intensity curves drawn from a scale of intensity marks provided 
on the same plate by the method of varying slit widths. Four different 
plates have been obtained and the figures arrived at by averaging the results 
are given in Table III. The quantitative results so far available from other 
investigators and the éxperimental conditions under which these have been 
obtained are also included in the table for comparison. 


TABLE ITI. 
Intensity Relations. 











F et “Peak int. 656 Total area 656 
Authors | Experimental Conditions Peak int. 796 Total area 796 
Pienkowski | Unknown .% 3-1 
Langseth and} Dispersion: 7A./mm. at 4400A. 12-7 3-0 
others Slit width : 0-03 mm. 
Satellites well separated from 
the main lines. 
” ‘| Dispersion : Low. 8-3 
Slit width : 0-05 to 0-1 mm. 
Satellites not separated from the 
main lines. 
Veerabhadra | Dispersion: 30A./mm. at 4400A. 9-2 6-6 
Rao Slit width : 0-015 mm. 
Satellites well separated from 
the main lines. 














It may be noticed from Table III that although the conditions employed 
- by the author are such that the satellites are well resolved from the main 





* The conditions referred to here are such that the satellites are not separated from 
the main lines and are therefore less favourable than those prevailing in the present investigation. 
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lines, the ratio of peak intensities is obtained as 9-2, in better agreement 
with the result reported by Langseth and others working under low dispersion 
than that obtained by them under high dispersion. On the other hand, 
there is a marked discrepancy between the ratio of the total areas as obtained 
by the author and Langseth and others. 


The theoretical interpretation of the Raman spectrum of carbon 
sulphide worked out fully by Placzek" based on the earlier ideas of Fermi 
and Dennison leads to the following approximate relation which is of great 
importance in checking the validity of the theory and establishing an inter- 
relationship between the intensities and the frequency shifts of the various 
Raman lines. 


| Lalo: |? ies |\(va—| Ala F Vat+] A] a2) |? * 
| [a}to |? Il(vat+| Ala, + va—| A| a,)|? us Bs 


In the above expression x is equalto V A?+8P? where A and P are quanti- 
ties which are simply related to the frequency shifts of the main lines and 
their satellites. The left hand side represents the ratio of intensities of the Q 
branches of the 796 and 656 lines and, as has already been remarked in the 
section on frequency shifts, the author’s measurements are in close agreement 
with those of Langseth, Sorensen and Nielsen and hence it is assumed that 
A = —120cm.t and | P | =17-8 cm. as has been calculated by the latter 
authors. These are to be preferred to A = —106 and | P| = 33 given by 
Placzek on the basis of Mesnage’s measurements. Substituting 1/9-2, the 
ratio of intensities of the peaks, for the expression on the left hand side of 
la, |? 
|a2|* 
69 which is of the same order of magnitude and compares well with the 
expected ratio 100: 1. 





equation (1) and the above values of A and | P| we get equal to 


6. Discussion of Results. 


Amongst the new and important results that have been reported in the 
foregoing sections, mention may be made here of the distribution of intensity 
in the wing accompanying the principal vibration line 656. The results which 
clearly show that separate maxima in the PP and RR branches do not exist, 
cast doubt on some recent attempts to ascribe closely spaced broad bands in 
liquids to such an origin.* 


The observation that the depolarisation of the 656 line increases with 
decreasing wave length of the exciting radiation is also of special significance. 





13 Loc. cit. 
* See Langseth, Sorensen and Nielsen, Loc. cit., p. 409. 
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Calculations} based on the doublet theory of optical anisotropy of molecules 
have shown that the depolarisation of Rayleigh scattering as well as that of the 
principal Raman line has a tendency to increase but very slowly with decreas- 
ing wave length of the exciting radiation. On the basis of this theory it is 
also deduced that the depolarisation of the Q branch of the principal line 
excited by A 4358 should be 0-25 which may be compared with the observed 
value 0-15 given in Table II. Thus the experimental results, while showing 
a qualitative agreement both in respect of the dispersion of depolarisation 
and its absolute magnitude with the predictions of the doublet theory, are 
not capable of being quantitatively deduced in such a simple manner. 

The slightly higher depolarisation of the 796 line in comparison with 
that of the 656 line may be noted. This result is in agreement with the earlier 
report of Irangseth and others. 

In conclusion the -author wishes to express his grateful thanks to Mr. 
S. Bhagavantam for his constant help and interest during the progress of this 
work. 

7. Summary. 

A detailed investigation has been made of the intensity and polarisation 
characters of the Raman lines in carbon disulphide. It is found that the 
Q branch of the principal vibration line 656 cm.—' cannot be separated from 
the PP and RR branches. The intensity distribution in the latter is similar 
to that obtained in the wings accompanying the Rayleigh lines in liquids. This 
line, when excited by A 4358, exhibits a depolarisation of 0-15 and the value 
increases to about 0-2 if the exciting wave length is A 4046. The ratio of 
intensities of the peaks of 656 and 796 Raman lines has been found to be 9-2 
whereas the ratio of the total areas under these lines is obtained as 6-6. 





+ Details of the calculation are omitted here for want of space. 


14K. R. Ramanathan, Proc. Roy. Soc., 1925, 107, 684; and S. Bhagavantam, Ind. Jour. 
Phys., 1931, 6, 557. 
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IN THE statistical theory of attributes! a double order of ideas is used. In 
the first place the logical calculus is applied to the attributes, so that the 
symbol (AB) represents the logical product of the attributes A and B; that 
is, (AB) means, by definition, the attribute possessed by, and only by, 
those elements of the universe of discourse, that possess simultaneously the 
attributes A and B. In a similar manner, A @B representing the logical 
sum of A and B, is the attribute possessed by, and only by, those elements 
of the universe which possess at least one of the attributes A, B. These 
two. fundamental operations of the logical calculus are associative and 
commutative? ; further each of them is distributed by the other, so that, 
contrary to what happens in the case of the arithmetical sum and the 
arithmetical product, there is a dual symmetry between the properties of 
these two operations. For example, the fundamental law of absorption 
a®ab=a, in the logical calculus is paralleled by a(a@®b) =a, which 
is obtained by interchanging the two operations. 

In the second place, in the statistical theory each attribute-symbol A 
is made to represent also the number (supposed to be finite) of elements of 
the universe of discourse, which possess the attribute A. This permits 
attribute-symbols to be subjected to the arithmetical operations of addition 
and subtraction, in addition to the logical operations of addition and 
multiplication. By this double-edged use of the symbolism, the formule 
of the theory of attributes are able to represent definite numerical relations, 
instead of being merely qualitative, as those of the logical calculus. 


In this paper this double use of the symbolism will be adopted, and 
the methods of the logical calculus will be utilised to study the properties 
of what I call the logico-symmetric functions, and the arithmetico-logical 
symmetric functions of n attributes A), Ay, ---, A,. Particular cases of these 
properties are known, but the general results and their applications I 





1 See Yule’s Jntroduction to the Theory of Statistics, Part I. 


2 See Whitehead’s Universal Algebra, or any book on Symbolic Logie, 
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believe to be. new. We shall begin by a compact formulation and proof of 
two known results. 

§1. The logical sum of ”. attributes A,, Ag,---, A, can be expressed in 
terms of their logical products, by means of arithmetical operations. The 
precise expression is: 


THEOREM I. A, ‘S) Ay @®---@ A, = J A, — 2 (A; Ag) +2 (A,A2 Ag) —- aay 
where 2’s represent always arithmetical sums. 
Proof. An element of the universe which possesses exactly ¢ of the 


attributes is enumerated ( :) times in the first term of the right-hand 


side, (3) times in the second term, ( =] times in the third and so on. 


Hence the number of times it is enumerated on the right-hand side is: 


(:)- (5) +(8)-~ = 0m 


0, if¢=0 
ift> 0. 
Thus any element which actually possesses one or more of the attri- 
butes A is enumerated exactly once on the right, and also exactly once in 
the logical sum of the » attributes. Hence the result. 


> 


From the symmetric relation between logical addition and logical 
multiplication, we may expect an analogous expression for the logical 
product of the m attributes in terms of their logical sums. We have in 
fact : 


THEOREM II. (A,A:---A,) = 2 Ay — 2 Sy + J Syo3 — 2D Syogg + 
where Sy,... denotes A,@ A,@A,@--- 
Proof. An element which possesses exactly ¢ of the attributes is 


enumerated ¢ times in the first term on the right, ( “¢ — ey times in 
the second term, (3) _ (“x) times in the third term, and so on. 


Hence the number of times it is enumerated on the right is: 


z)- (+ a (Cr) Cs 9+] 
= (1—1)# — (1-1) 
Ca 


Thus every element is enumerated the same number of times on the 
right as in the logical product on the left, Hence the result, 
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§2. The elementary logico-symmetric functions of A,, Ag, +++, Ay. 


By analogy with the algebraic theory of symmetric functions, we may 
define the rth elementary logico-symmetric function a, of Ay, Ao, -+-,A,, to be 


the logical sum of their te ) logical products 7 at a time. Thus the logical 


sum and the logical product of A;, Ao, ---, A, are respectively their first and 
nth logico-symmetric functions. ‘The following simple properties of the 
logico-symmetric functions a, should be noted : 


(a) The rth symmetric function a, of A,, Ao, +++, Ay ts not only the 
logical sum of their logical products r at a time, but also the logical 
product of their logical sums n—r +1 at a time. 


For, the logical sum a, of the logical products yr at a time of 
Aj, Ao, --:, A,, enumerates exactly once every element e of the universe 
which possesses at least r of the attributes A,, Ao, ---, A,. It is clear that 
these elements ¢ are precisely those that possess one attribute at least out of 
every set of m—r+1 attributes chosen from Aj, Ao, ---, A,; (for example, 
if an element e’ possesses less than r of the attributes A, it is obvious that 
we can choose at least one set of »—r+1 attributes A, none of which is 
possessed by e’). Thus the elements e are precisely those that are 
enumerated without repetition and exception by the logical product of 
the logical sums m—r+1 at a time of Aj, Ao, ---, A,, which proves our 
statement. 


(b) There is a relation of implication between any two attributes 
represented by the symmetric functions a, so that the logical 
sum and product of any two a’s may be immediately written 
down. We have in fact: 


ap S) a, = id 
(apay) =a) if pg. 

These are obvious from the meaning of the logical operations and the 
definition of the a’s. If we use the ordinary geometric interpretation 
adopted in the logical calculus, the attributes a), a2, ---, a, will correspond 
to m regions each of which contains the next. 


It follows from these equations that the distinct values of the logical 
products 7 at a time of a), az, +--+, a, ate ay, 4,41, ***, a. Hence the logical 
sum of these logical products is a,. In other words the attributes a), a2, «++, ay 
are in order their own successive symmetric functions. It follows that 
1, 49, +++, a, are the only symmetric functions of Aj, Ao, ---, A, that 
can be derived purely by means of the two logical operations, 
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§3. The Arithmetico-logical symmetric functions of Ay, Ao, +++, An. 


If however we are permitted to use arithmetical addition over and 
above the two logical operations, then every expression of the form: 
Qa, ay + Agag + +++ + Ay ay, 
where a, ---, @&, are positive or negative integers, is a symmetric function 
of A), Ag, ---, A,; strictly speaking, it does not represent an attribute but 
an enumerating process carried out by means of the attributes. Con- 
versely, we may shew that any arithmetico-logical symmetric function S of 


the attributes A, Ao, ---, A, can be represented as a linear function with 
integer coefficients, of aj, a2, -++,a,. For since by hypothesis S is a symmetric 
function of A,, As, ---, A,, the number of times S (¢) which it enumerates an 


element e possessing ¢ of the attributes A, does not depend on which of the 
attributes A are possessed by e, but only on the number ?¢. The symmetric 
function S$ is therefore completely characterised? by the non-negative 
integers S(1), ---, S(m). Now, the number of times which an element 
possessing ¢ of the attributes A is enumerated by d,a,+d:,a,+--++@,a, is 
a; +@,++++a; Hence S must be identical with S(1) a,+{S(2)—S(1)} 
ag +++++{S(m)—S(n—1)}a,. We have thus expressed an arbitrary arith- 
metico-logical symmetric function S as a linear form with integer-coefficients 
in aj, G2, ***, Oy. 

Among the arithmeético-logical symmetric functions of A,, As, ---, Ay, 
the functions A? are of fundamental importance. We define A? to be the 


arithmetic sum of the (7) pth logtco-symmetric functions of sets of r attributes 
chosen from Aj, Ao, +++, Ay. This definition implies that pr. It is clear 
that A? =a,; apart from the functions a, there are (3) functions A? . Since 
A? can be expressed as a linear form in the a’s, we may write 

A? = 2 ae Gy. 


THEOREM ITI. a=(5~1) . ‘cae , so that a? = 0, ift<por >n—r+p. 

Proof. ‘The number of times which an element possessing exactly ¢ of 
the attributes A, is enumerated by A? is equal to the number of r-com- 
binations of the ~ attributes which contain at least p of the ¢ attributes. 
This number is evidently : 


20- CCD+(es 


3 It is assumed that the symmetric function does not enumerate the elements of the 
universe, which possess none of the attributes A. é 
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Also: 
a’ = A? (t) — A? (t—-1) 


rt 


_ ft— 1) ‘Sat 
~\p-) \r-p): 
It follows that A? can be expressed in terms of »—7+ 1 of the logico- 
symmetric functions, namely, ay, apy1, +++, Qy-rtp 


In particular, 


y r+] +2 n—l 
£m art(S) eat("§) nat((P ont (Tm 
“a ~2 
A, = Gaoie+Cri) Set Shee 


It follows that the determinant of the n—r-+1 functions A’, yr thap tee, 
~~ gua linear forms ina,, a,4), -+-, a, is unity. It follows that ay can be 
expressed, for # >, as an integral linear form in A’, —. eae, Me 


The actual expression is given by: 


THEOREM IV. a, = Av—(1) aft?) arte _ 


r+2 


For, the coefficient of a,,, on the right is 


Cr) OCH CES) 


= coefficient of #4 in (l+4)*#1 (l+x%)” = (1+) 


= hs : vt 0 which proves the result. 

Similarly, A’, a. -++, A) are linear forms in aj, ao, -+ +, @,-74), With 
determinant + 1. Hence a,_,,) is an integral linear form in A’, pki A’. 
We have: 


Y 1 
THEOREM V. ay_>41 = A-({) Mat(S ) ALT 


For the coefficient of a,_,,)-, on the right is: 


Cr GV) +: 


= Coefficient of x in (l+a)7*#! (l+x)” = (1+x)41 


0, ift=0 ‘ 
la , which proves th : 
L1. ift> 0 w proves the result 
More generally the forms A?, A?*), ..- A*’*? are n—r+1 linear 
forms with non-vanishing Ditiainibiasias IN ay, Gy41, ***, GOnorgp. Hence ay 


° ° ? p+1 N=T+ ° 
can be expressed as a linear form in A’, A , AY’*?| We have in 


wre . 
fact: 
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THEOREM VI. eats a,= A? — (7) APN + (5 " sere 


r+2 


Proof. The coefficient of a,,, on the right is: 


Cree) LO) - GC) + 3) AES4) --] 


As before, the part within square brackets is equal to 1 or 0, accord- 
ing ast =Oor >0. This proves the result. 


In the same way, the forms a; A? A? are »—r+1 linear forms 


Ces 
with non-vanishing determinant in ay, ap41, ++, Gyr+p. Hence agp can 
be expressed linearly in terms of them. We have in fact: 


THEOREM VII. “ ced Oyrsp = AP — ‘% a x . 


yr—p+2 
+ ( f Ate: is 
Proof. . The coefficient of a,_,,»~ on the right is: 


C3 MCA) + 


The part within square brackets is, as before, equal to 1 or 0, accord- 
ing ast=Oort>0. This proves the result. 

Theorem VI is an extension of Theorem IV, which is itself an extension 
of Theorem I; similarly Theorem VII is an extension of Theorem V, which 
is itself an extension of Theorem II. 

§4. Application to n real numbers. 

Let A,, As, As, ---, A, be real numbers represented by points 
A,, Ao, --:, A, ona straight line. Choose a point O on the line to the left 
of all the points A, and let d; = the distance OA;. Let the universe of 
discourse be a set of points to the right of O, whose distances from O are 
integral multiples of an infinitesimal («). Let now A; represent also the 
attribute of lying between O and A;. It.is then clear that the number A; is 
proportional to the distance d;. Also the numbers corresponding to (A;A,;) 
and A;@ A; are clearly proportional to the lesser and the greater of the two 
distances d;, d;. Hence the logical product and the logical sum of A,, A, 
correspond respectively to the less distant from O, and the more distant 
from O, of the two points A;, A;. If we denote by ol _., that one among 
the points Ay, A,, A,, -+> which is the Ath in order from the right, it is 
clear that the point a : ris —_ - neater function 
of Ay, Ay, Ay, ++" Similarly a which is the Ath in ascending order 


of magnitude of the & real numbers Ay, Ag, «++, or the Ath in order from 
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the left of the & points A,, A,, ---, corresponds to (k—A+1)th logico- 
symmetric function of A,, Aj, --- 


We shall now state the forms which our previous theorems take for 
this concrete instance of the calculus: 


THEOREM I. age = the greatest of the numbers Aj, Ag, ---, A, 
=2ZA, —ZL, + Ligs — 2 Ley + eae 
THEOREM II. L},_,, = the least of the numbers Aj, Ag, ---, Ay 


=ZA,—-ZR,+2Ry—2Reyt-': 
THEOREM IV. Rj, _,, = the rth in descending order of magnitude of the 
numbers A,, Ao, ---, A,, 


1 Y 1 r+1 1 
=2 ae 2 ae | 2 )z Tia..cr+2) 


THEOREM V. L',_,, =the rth in ascending order of magnitude of the 


numbers A,, As, ---, Ay 


1 ¥ 1 r+i1 1 
=2 Rn.--(5)2 Rop..r+2) +( 9 )z Ryo..¢r+2) 


THEOREM VI. ‘pa: ) a x the pth in descending order of 


the numbers A, 
= 2g (7) Zier tn) 


r-pt+1 
2 1 ares, bs ears 


THEOREM VII. C= i eh x the pth in ascending order 
of the numbers, 
r=p+1 p r-p+1 pti 
=2Ry, -(7) “ Roo..(r+1) +( 2 ) 
r-pP+1 
2 Rye... (+2) ie si 
We may make now a formal extension of these results. Let an ordered 
set of m real numbers (a, a, ---, a») be called an m-dimensional vector 
with the components a, ad, ---. Given m vectors A;, Ao, ---, A, with the 
components A; = (a1, ajo, +--+, Aim), we can determine a vector B, = (b,;, 0,2, 
-+, ym) whose kth component b,, is the rth in descending order of 
magnitude of the numbers aj,, doz, ---, Gng (R= 1, 2, ---, m). We shall 
term the vector B, in a purely formal manner, the rth descending composite 
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of the m vectors Aj, As, ---, A,. We similarly define the rth ascending composite 
of Aj, As, ---, A,, as the vector whose kth component is the 7th in ascending 
order of magnitude of the numbers aj,, doz, ---, a,g. We may denote the rth 
descending and ascending composites of A,, A,,--- by Rio. as ae es Then, 
the following vector equations hold, which are of the same form as those 


established for numbers: 


THEOREM VI a Rh...» = 2 Lee ai (4) a Lage (ret) 5 ama 


m - n— 4 - Y- 
Sec EE yak Len = 2 Rin v (4) ~ yh adi 


For, the corresponding equations have been established for any 
particular component of all the vectors involved. 


These equations and the concept of the rth ascending and descending 
composites of vectors will find application in the theory of theg.c.d. and 
l.c.m. of a set of integers. 

§5. The greatest common divisor and least common multiple. 
Every integer which does not involve prime factors other than a 


given finite set of primes (), fo, ---,p,), may be represented in the form 
pups... ptm, where @), @2, -+:, @» are positive integers or zero. ‘Thus 
each such integer may be represented by a vector (a, ao, ---, @») in sucha 


way, that the product of two such integers is represented by the vector- 
sum of the corresponding vectors. Also it is clear that the g.c.d. and 1.c.m. 
of a number of such integers A), Ao, ---, A, (say), is represented the first 
ascending composite, and the first descending composite of the correspond- 
ing vectors. Let g; be the g.c.d. of Aj, Ao, ---, A, and let g, be the g.c.d. of 
the l.c.m.’s 7 at a time of Aj, Ay, ---, A,. The series of numbers g, g9, ---, Ln 
may be called the first, second, --- rth, --- g.c.d.’s of Ay, As,--+,A,. It is 
clear that g,, is the l.c.m. /; of Aj, As, ---, A,. We may similarly define /, to be 
the l.c.m. of the g.c.d.’s vat atime, and call /, the vthl.c.m. of Aj, Ao, ---, A,. 
It is clear that the vector corresponding to g, is the rth ascending composite 
of the vectors corresponding to A,, Ao, ---, A,, and that the vector cor- 
responding to J, is the rth descending composite of the same vectors. 


Since the rth ascending composite of m vectors is the »—r+1 descend- 
ing composite of the same vectors, it follows that g, = 1,_,4). 

Denote the Ath g.c.d. and Ath l.c.m. of Ay, A,, A,--+ by a 
and Re respectively. Since the addition and subtraction of vectors 


correspond to the multiplication and division of the corresponding numbers, 
we see that the two vector relations of last para would lead to multiplicative 
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expressions for /, and g, in terms of the (r—p+1)th g.c.d.’s and the 
(r—p + 1)th l.c.m.’s respectively of subsets of the » numbers. The actual 


expressions are: 
ey P+3 
gtd). Ties wee wt = Moret * 


r-P+1 rs “fret (*3) 
(wa, ay (wen? (r+3) a 








THEOREM VI. 


+1 
n-p ” _ -( yee? -) (an cn 


ye 
THEOREM VII. (g,) (mp) 12...(7+2) (r+4) 





p+? 
(7m IP? y- (wife? (*3 P.. 


r+1 r+3 
These relations are very general. Their particular cases are: 


ee. 
ey 


Pi) ae 





THEOREM IV. l, — 


1 p 1 
respons Awe... teu 
1 1 
Aj Ag: - “A, : * bes ‘ * Es eses ; 





THEOREM I. Ll, = : : 


7 Oo 7 eee 
S12 b1o34 


and relations of the same form with / and g interchanged. 
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1. Introduction. 
EXTENSIVE experimental investigations by Weiler,! Trumpy,? Rousset,® 
Ranganadham,‘ Bhagavantam® and Veerabhadra Rao* on the rotational 
Raman effect in liquids have brought to light certain characteristic features 
which are not in agreement with the predictions of the existing theories. 
This is probably connected with the fact that the latter are all based on the 
assumption of freely rotating molecules, a condition which is presumably 
not fulfilled in liquids or dense fluids. Nevertheless, liquids do exhibit 
wings on either side of the Rayleigh lines which are apparently connected 
with the optical anisotropy of the molecules. These must therefore be 
interpreted as Raman radiations arising in a manner which in some respects 
at least is analogous to the origin of rotational Raman scattering in gases. 
A satisfactory explanation of these phenomena is of fundamental importance 
from the point of view of the liquid state, and for this purpose, a new sug- 
gestion is made in the present paper which is based on some ideas put for- 
ward by the author in an earlier communication.’ A brief review of the 
other explanations that have so far been offered is also presented. 
2. Characteristics of Rotational Raman Scattering in Liquids. 


In the communications referred to above, it has been shown that the 
intensity of the rotation wing in all the liquids studied, with the exception 
of liquid hydrogen, starts from being a maximum at or very near the centre 
of the Rayleigh line, falls off rapidly till a certain distance is reached and 
then only gradually fades away lingering on to such distances as are wholly 
irreconcilable with the view that the entire wing is due to single and normally 
rotating molecules. The existing theories, on the other hand, predict that 
the intensity should start from being zero near the centre, increase till a 
certain point is reached where the wing exhibits a maximum intensity and 
then fall off somewhat abruptly. Thus the experiments differ from the 
theoretical results in three important respects, v2z., (i) absence of a maximum 
of intensity at a specified point well separated from the centre, (ii) concentra- 
tion of intensity in the neighbourhood of the centre, (iii) extension of the 
wing to large distances from the centre. 
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In two communications Gross and Vuks? have recently published results 
of great significance in this connection. They find that the continuous 
spectrum in the remoter regions of the wings exhibited by diphenyl ether, 
benzene and naphthalene in the liquid state is replaced by separate lines 
in the Raman spectra of these substances when studied in the solid state. 
In addition, the continuous spectrum close to the Rayleigh line altogether 
disappears in all these cases as we pass from the liquid to the solid state. 


3. Explanation of the Results. 


The author has attempted to account for the observed results in liquids 
in an earlier paper already referred to, by assuming that the molecules in 
a liquid are arranged in a quasi-crystalline manner, the crystalline arrange- 
ment being akin to that which is present in the corresponding solid state. 
Forces similar to those in the crystal will exhibit between the neighbouring 
molecules of the liquid and an extension of Pauling’s* work on ‘‘The Rota- 
tion of Molecules in Crystals’ at once tells us that the liquids can in general 
be divided into two classes: one set of liquids, examples of which are liquid 
hydrogen, nitrogen, oxygen, etc., in which most of the molecules are freely 
and normally rotating in spite of the quasi-crystalline arrangement, the 
other set of liquids, examples of which are molten iodine, benzene and others 
composed of heavy molecules, in which most of the molecules are executing 
only small oscillatory motions about their equilibrium positions which may 
be called incomplete rotations. The quasi-crystalline forces in these cases 
hinder free rotation and the oscillatory motion can pass over into a com- 
plete rotation only if the temperature is sufficiently high. It has been 
suggested that these oscillatory motions which are very imperfectly quantised 
in liquids are responsible for the extended regions of the so-called rotation 
wings, and the recent results of Gross and Vuks lend strong support to such 
a view. As soon as the substance is crystallised the oscillations become 
definitely quantised and appear as separate lines in the scattered light. 
Further evidence in support of this view which will be presented in this 
paper is as follows. 

Pauling’s theory permits us to make a rough computation of the fre- 
quencies that are to be expected.* Taking the specific case of benzene, 
it is seen that its specific heat reaches a value of 5 cal/grm. mol., at a tem- 
perature of 34 ‘5° K. This would mean that /Av,/k for benzene is 103-5° K 
where / and & have the usual significance and v, represents the frequency 
of oscillation. From this v, may be evaluated as 72 cins.-! Gross and 
Vuks have actually observed two lines at 63 cms.-! and 108cms.-! The 





* For details of computation, see L. Pauling, Phys. Rev., 1930, 36, 430. 
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order of magnitude is very satisfactory in view of the assumptions involved 
and the fact that the benzene crystal is not a cubic one may be responsible 
for the splitting up of the oscillation into two different frequencies. 


Moreover, the idea of an incomplete rotation at once shows that just 
as in the case of normally rotating molecules, the optical anisotropy will 
play an important part in deciding the intensities of these lines. This con- 
clusion is in accordance with the observed fact that such extended wings 
are usually exhibited prominently only by substances like benzene, naphtha- 
lene, carbon disulphide, etc., which are highly optically anisotropic. 


It must be pointed out here that the explanation offered by Gross and 
Vuks that they are due to ‘‘vibrations characteristic of crystalline lattice’ 
is essentially different from the foregoing views. In the opinion of the 
author, such lattice oscillations are different and examples of the same can 
be found in the Rainan spectra of calcite, aragonite, etc. A serious defect 
of such an explanation is that one does not see any obvious relationship 
between the intensity of the corresponding Raman scattering and the optical 
anisotropy of the substance, whereas experimental results clearly show that 
only strongly anisotropic substances exhibit this phenomenon either as lines 
in solids or as continuous and extended wings in liquids. 


4. Summary. 


The extended portion of rotation wings in liquids and the separate lines 
which take their place in the corresponding solids are explained as due to 
small oscillatory motions of molecules about their equilibrium positions. 
The motion is properly quantised in solids on account of the perfect crystalline 
arrangement and results in distinctly separated lines possessing definite 
frequency shifts. In liquids, there is only an imperfect quantisation on 
account of the quasi-crystalline arrangement and this results in a broaden- 
ing of the lines into a continuous wing. <A rough computation of the oscilla- 
tion frequency in benzene from the specific heat data on the lines indicated 
by Pauling gives 72 cms.~! which is of the expected order of magnitude. 
These oscillations, as pictured by Pauling, may be regarded as incomplete 
rotations and such a picture involves a direct relationship between the optical 
anisotropy of the molecule and the intensity of the scattered line. This is 
in accordance with the experimental fact that only substances like benzene 
and naphthalene which have a marked degree of anisotropy give rise to 
extended wings in the liquid state and lines in the solid state. 


In conclusion the author desires to express his grateful thanks to 


Professor Sir C. V. Raman for his kind interest in the work. 
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7. Introduction. 


THE subject of spectral intensities is one of the most difficult in modern 
spectroscopy and one which has received very little attention at the hands of 
experimental physicist. However, with the researches of Dorgelo’ in the 
field of atomic spectra in the years 1923 and 1924, the study of relative inten- 
sities of spectral lines entered on a new stage of development. After the 
enunciation by Burger and Dorgelo*, in 1924, of the sum rule for intensities 
in a line multiplet, the interest in the subject has grown very rapidly and 
it has been actively investigated among others by Ornstein and Burger and 
their colleagues in the University of Utrecht. 


As the experimental results advanced, it was found that the sum rule 
which followed closely upon the modern concepts of quantum mechanics, was 
found to agree better in some atomic series, but in others it was merely an 
approximation. But on the whole it served as a useful guide. In other 
fields also, viz., the X-rays and the Zeeman patterns, the intensities follow 
closely the theoretical formule developed for optical line spectra. 


In the sphere of molecular spectra the sum rule was found to be applicable 
to intensities with the retention of exponential Boltzmann factor. The 
intensity factors for heavy symmetric molecules derived theoretically by 
H6nl and London’, by using the matrix and wave-mechanics were found 
to agree with the sumrule. With the quantitative estimation of intensities 
for different series in helium bands, Johnson and Turner® have recently suc- 
ceeded in verifying Bonger’s formula of Balmer series with certain modifica- 
tions. The knowledge of intensities within the structure of a band enables 
us to assign certain “effective temperatures” to emitting gas as evidenced 
from the results of Ornstein and Van Wijk® on the negative nitrogen (N,*) 
bands and of Kapuscinski and Kymers‘ on the mercury hydride bands. These 
methods have also been extended by Richardson® (R.S.) to stellar bodies to 
know their ‘‘effective temperatures’. It may therefore be said that as far as 
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the structure lines of an individual band are concerned, the results are in 
many cases in accordance with the predictions of theory. 

When it is a question of gross intensities of several bands in a system, 
the problem becomes different. On account of the large spectral ranges 
involved in this branch, the experimental work is often very difficult. Theore- 
tical ideas in this connection began to be advanced in the year 1925, with 
the explanation by Franck’, of the mechanism of dissociation of molecules 
by light absorption. Condon® extended the ideas to electronic bands and 
by means of his theory, now known as Franck-Condon principle, predicted 
certain general characteristics of intensity distribution in a system. Quanti- 
tative work on vibrational intensities is very little. Confirmation of Franck- 
Condon theory was a sort of semi-quantitative data mostly obtained as eye- 
estimates. With a view to get, therefore, accurate data, a programme of 
intensity measurements was undertaken by us at London with the latest 
and improved experimental technique. From experimental standpoint, 
this problem of vibrational intensities appears more promising, on account 
of the ease with which the band heads could be photographed in preference 
to rotational structure lines. The investigation of even an empirical relation 
between temperature and gross intensities, might lead to the application 
of band spectroscopic methods to problems in astro-physics. 

2. The Problem. 


Quantitative investigations into gross intensities in band systems were 
undertaken in Utrecht in 1930, by Elliott!® who made accurate measurements 
on bands of f-system of boron oxide (BO) and latterly on the a-system." 
Ornstein and Brinkman" have measured the intensities of violet CN-system 
with a view to determine the temperature of carbon arc. Wurm! in Potsdam 
has also determined the intensity distribution in the absorption bands of CN 
and C, (Swan) systems as obtained in R- and N-type stars. In our programme 
of work we undertook the measurements in C, (Swan)!® and N, (Second 
positive) !® systems, both produced under a variety of experimental conditions, 
and the results of which have since been published. Herzberg’ has also 
made an attempt to measure the intensities of 2nd positive and negative 
bands of N,, but his results do not appear to have been obtained with the 
rigorous technique of heterochromatic photometry. 

It is known that conditions of excitation play a prominent part in produc- 
ing or isolating certain spectra. It is from this standpoint that some aspects, 
not hitherto touched, of our results on C, and N, bands will be studied in 
the present paper. Reference will also be made to certain relevant features 
of CN-violet system!’, the improved results on which are awaiting publica- 
tion. 
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3. Experimental. 


The methods and technique of intensity measurement have been suffici- 
ently dealt with in a paper by Read and I,. W. Johnson!® and in a sub- 
sequent paper by Johnson and author.'® It is therefore deemed unnecessary 
to enter here into any of those details. It is believed, however, that the results 
of intensity measurements on which interpretations have been based in the 
present paper are accurate enough to justify the conclusions drawn. By 
way of illustration discrepancy between eye-estimates and accurate micro- 
photometric results in N, (Second positive) system can be judged from the 
following figure (Fig. 1). Similar results have been obtained for Swan 
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Fia. 1. Comparison of eye-estimates with measured intensities (Nz. second positive). 


system. Comparison shows that our visual results are generally over-esti- 
mated by several hundred per cents. 


4. Results and Discussion. 


For a normal distribution of intensity in a band system, the 0—0 band 
is the strongest, the intensity falling rapidly for other bands in-that sequence, 
For bands of other sequences, the intensities gradually diminish, the point 
of maximum intensity shifting from the first band to bands of higher v’ v” 
values. The band systems under study are said to have normal distribu- 
tion and this has been verified by our experimental results. In Figs. 2 and 3 
are drawn the slopes of relative intensity fall or rise in sequences of both 
systems. One point, however, that requires special mention, is in regard 
to 0—0 sequence of Ny. In this the intensity falls rapidly at first upto (2, 2) 
and then rises suddenly at (3, 3) in all the sources except the spark where 
the rise is found at (4, 4) band. It is difficult to understand this unless we 
assume two Condon parabolas of distribution with their apex at (0, 0) and 
(3, 3) respectively. But in the absence of bands having values above v’ =4, 
this is impossible to study. 








N. R. Tawde 









Sequences. 








(e,0) along asc. 
(9,1) » 8D. 
(9,2) ” KCL. 
(1,0) » ~=PQR. 






(2,0) MNS. 






a 
I 
T 





Intensity —> 
i 
vy 
ro) 





















R 





. 4 4 4 4 4 4 4. lia " — _" a n 





Fie. 2. Relative intensity slopes in sequences of C, (Swan) system. 


According to equation E,’ 
I/v4=A.p,'y”.e kT 


the function 2 I/,sfor the initial levels should diminish as we go to higher v’ 


values if the temperature equilibrium holds. This appears to be true in 
both C, and N,, for all conditions except the argon discharge, where the Swan 
bands are excited in about 30 mms. pressure of the inert gas. Here the log 
21/,4 is shown as a function of E,’, the vibrational energy of initial levels 
(Fig. 4). The graphis quite unusual giving a parabolic shape with apex at 
about v’=2. This distribution is obscure in its origin and if genuine, will 
have to be explained, apart from temperature, probably as a specific effect of 
the inert gas resulting from unknown collision processes. 


In each sequence, if the log of band intensity divided by v* is proportional 


to E,’, we should expect statistical equilibrium of molecules with their sur- 
roundings at a particular temperature. Whether this holds in the case of arc 
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Fic. 3. Relative intensity slopes in sequences of N2. 
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which is generally classed with flames, we have drawn graphs showing log 
I/,4 of each band of sequence against E,’ of the Swan and CN violet systems 
both produced in carbon arc, the former in presence of hydrogen. Similar 
figures have also been constructed for oxy-coal-gas flame excitation. (See 
Figs. 5to9.) One isled toconclude from these figures that a thermal distribu- 
tion nearly prevails for cyanogen in arc, as is the case with oxy-coal-gas flame 








2-2F i 
Slag. 
2-( 
1-8} 
eS 
beGe ew 
Ss 
1-4 
Ey 
2 ae ee i= = 
v'=0 l zZ ] 4 


Fia. 5, Log I/,;4 asa function of E,’ in sequences of Swan bands in are, 
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Fie. 8, Log T/ys in sequences of C, (Swan) in oxy-coal-gas flame. 
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Fig. 9, Log I},4 in sequences of CN-system in arc, 
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though the values of temperatures derived on this basis give no clear 
evidence of it. Its absence in Swan bands in arc, which can be deduced by the 
nature of graph, may be attributed to the formation of C, molecule from more 
complex molecular groupings, energy changes in which are not understood. 
Consequently the excitation of Swan bands in arc may be non-thermal in 
origin. Its presence in CN-system is a likely consequence of the greater 
affinity of carbon to atmospheric nitrogen at high temperatures. In dis- 
charge tubes where low temperature conditions prevail, the CN bands are 
only obtained in presence of active nitrogen. The discharge in low pressure 
air with carbon electrodes or with carbon as impurity generally gives bands 
of CO molecule (Angstrom bands). 


5. Intensity Centres. 


In the next treatment, the Swan bands .:ave heen particularly chosen 
to discuss the positions of maxima of intensities. In various sequences from 
the observed values of band intensity and wavelength, we could form the 
quantity 

_j2lA 
aI 
according to procedure adopted by Johnson.’® ) may be described as the 
‘optical centre of gravity’’ or the “‘centre of intensity” of the sequence. Such 
results are given below in Table I. 


TABLE I. 
Positions of “‘Intensity Centres’. 


C, (Swan System). 











Sequence Spark Arc Bunsen flame | Oxyflame Argon 
2,0 ..| 4370-3 | 4370-2 | 4370-8 | 4373-2 4374 
1, 0 ..| 4715 | 4709-7 | 4712-6 | 4713-1 4706 
0, 0 ..| 5155-6 | 5154-5 | 5155-3 | 5157 B147 -5 
0,1 ..| 5580-3 | 5582 -0 5586-3 | 5585 5557 +4 
0,2 ..| 6044 | 6105-7 | 6100-9 | 6099 -3 6035 














With the extension of the same reasoning, we have also calculated the 
“Intensity Centre’’ of the Swan system in the different sources, 
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The values are tabulated below in Table II. 








TABLE II, 
Condition of | Intensit 
excitation | centre Y 
Spark under glycerine... 5075 
Are in H, - 5190 
Bunsen flame “a 5252 
Oxy-coal-gas flame ot 5252 
Argon discharge aa 5355 








Fig. 10 shows how the “‘intensity centre’ shifts from one condition to the 
other in sequences as well asin the whole system. Assuming the approximate 
temperatures as follows, viz., Argon discharge 600° K, flame 2200° K, arc 
4000° K, and spark 6500° K, some of which have been determined by different 
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Fie. 10. ‘ Intensity Centres ’’ in sequences and in the system (Swan Bands of C2). 


N.B.—Dotted line passing through ‘‘ Centres”’ in sequences, Full line across for 
‘* Centres’ in the system. 


authors by spectroscopic or other methods, a graph is drawn showing these 
against wavelength of the “intensity centre’’ (A) of the whole system. This 
is given in Fig. 11. It appears from this that } of the “‘intensity centre” 
is some function of temperature within the sources, the exact form of which 


cannot be clearly defined. 
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Fic. 11. Wavelength of ‘* Intensity Centres 
(C. Swan system. ) 


and temperatures of sources. 


Taking the two thermally excited sources, 7.e., bunsen and the oxy-coal-gas 
flames, we get the same ) for both. If the temperature difference between 
these be of the order of +500°, we niay not expect an appreciable redistribu- 
tion of intensity, and this may account for the same ‘‘centre’’ found for both. 
It may be noted in this connection that the temperatures derived for these by 
Johnson and Tawde?® on the assumption of Boltzmann distribution of vibra- 
tional energy in the excited state, also give a common value for both, v7z., 
4700°K. although this cannot be the real temperature in either of these 
two sources. 

Another point which may be mentioned is the relative total ‘‘weights” 
of levels in the different sources, derived by taking the sum of 2'I/,4 of all 

2 


the levels. ‘These are found in the ratios, 
Bunsen flame, Arc, Spark, Oxy-flame, Argon 
l : £-062 ; 1-OTS:: 1-205 : 2-341 
which can be taken as those of radiating molecules in the different sources. 
Argon again offers here a point of special interest. 
6. Transition Probabilities. 

Irrespective of the conditions of excitations, the maximum transition 
probabilities generally obey the Franck-Condon principle. Such a result is 
to be expected as Condon’s theory does not take into account the distribution 
of molecules in the initial states. Any discrepancy between theory and experi- 
mental results is to be sought in the degree of accuracy of the nuclear potential 
energy function defining the potential curves. The values of maximum 


transitions derived by the use of Morse function?® 
U (r)=D, (e°** —2e"**) 
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closely agree with experimental values as may be seen from the following 
Table : 
TABLE III. 


Most Probable Transitions in C, (Swan). 











max - a | "min 7 "win 
Theoretical | Experimental | Theoretical | Experimental 
1, 0 1, 0 0, 2 0, 1 
2.3 2,1 1,3 1, 3 
3, 2 3,2 2,4 2,4 
4,3 3, 6 3, 5 
B, 4 B, 4 4,7 4,6 
6,5 6, 5 5, 8 5, 7 
7,6 7,6 











But this function does not satisfy the transitions observed in BeO by Johnson 
and Dunston* and N, (Second positive) bands by Tawde.% They approximate 
to theoretical values derived from Rydberg function,?? 


U (r)=D, (aw+1je™. 
Nothing in favour of one or the other can be said at present unless we are in 
possession of more experimental material. 
Leaving aside the maximum probabilities, we shall now discuss the effect 
of conditions of excitation on the relative probabilities of transition in 


various v"-progressions. In Figs. 12 to 15 are plotted these results for C, 
(Swan) system. 
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Fie. 12. Transition probabilities in v’-progressions (C2). 





N. R. Tawde 


Argon discharge 





Oxy-coal-gas flame 


Bunsen flame 


Transition Probabilities ———> 


Spark 


Progression 


(v'=2) 





. 1 n 1 


2 3 oe 
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From a study of these figures, it may be concluded that the radiating C, 
molecules in argon tend to favour levels above v’=4. The transitions in the 
spark, on the other hand, are more or less of opposite nature, the molecules in 
this case preferring levels below v”=4. This is particularly noticeable upto 
progression v’=3. But above this, the arc conditions begin to predominate 
and we get in the latter case, the bands (4, 2), (5, 4) and (6, 5) to have very 
high probabilities. The corresponding highly probable transitions in argon 
are 57 and 6— 8. 


Purely thermal conditions such as the bunsen flame or the oxy-coal- 
gas flame do not show such selective behaviour probably on account of 
the steady nature of excitation as against the violent one of electrical condi- 
tions like spark. 


In the case of spark under glycerine, the transitions 0 > 0, 1—> 0, 21, 
3 — 2, are very high in comparison to others. The fact is that C, molecule is 
formed here from a more complex hydro-carbon molecule like glycerine. 
It is believed that in the dissociative process which goes on in the spark, 
the radiating C, molecules find themselves in the intense electrical fields of 
neighbouring charged atoms especially of hydrogen and these may cause 
their early dissociation giving more probable transitions for the above bands. 


To come again to argon, it offers a special problem for study. Here the 
levels v”=4, 5,6, 7, 8 are favoured more than others, as pointed out already, 
giving higher probabilities for bands (2, 4), (3, 5), (4, 6), etc. It may be 
remarked that the production of these bands in preference to others is charac- 
teristic of argon which brings out spectra of low energy conditions. Johnson 
and Cameron” have investigated the effect of argon and other inert gases on 
certain molecular spectra and they classify this effect under three heads: 
(i) isolation of spectra difficult to obtain otherwise ; (ii) redistribution of spec- 
tral energy, usually towards the red ; and (iii) reduction of broadening of 
lines. Out of these, the effect observed in Swan bands under study may be 
classed under (ii). This can be verified from the position of “‘intensity centre’”’ 
at longer A 5355 relative to others. We shall revert to this subject of argon 
in the following paragraph when dealing with nitrogen. 


In the case of nitrogen, the most probable transitions which follow from 
Condon’s theory are verified to nearer approximation, only by the use of 
Rydberg function as said elsewhere. With regard to relative values of these 
in v"-progressions two of which are given in Figs. 16 and 17, the high 
probability for 2 > 1 transition in argon has been suggested by the author in a 
recent paper!® as a consequence of Heitler and London level in its neighbour- 
hood, being not favoured by N, molecules in presence of the inert gas. 
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Fie. 17. Transition probabilities in v’-progressions (Noe). 


Another point which requires to be noted here is the absence of transition 
4 —» 3 in argon in spite of its high value in other sources. The same source 
also gives a very high probability for transition (4 -> 2). According to quan- 
tuin theory, the action of inert gas may he described as increasing the prob- 
ability of those orbits which correspond to smaller energy quanta. With 
argon present in such large proportions (99% to 0-7% N,) at a pressure of 
about 40 mmis., we may expect this to happen under the présent conditions 
But it is surprising to note that unlike Swan bands in argon, we get here 
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some evidence of energy displacement towards the violet end instead of 
towards the longer wavelengths. This can be seen from high values of 
probabilities obtained for transitions 1 0, 2 1, 3+ land 4—> 2. The 
effect might be analogous to one observed by Johnson’® in the first positive 
system of this molecule, where for a trace of nitrogen in argon, the energy 
displacement towards the more refrangible end is of the order of 30 to 40 A.U. 
Determination of the ‘‘centres of intensity’ in various sources will furnish 
some additional material for interpretation, but it has been found impossible 
to complete it within the scope of this paper. 


Summary. 


(1) The development of the subject of spectral intensities to gross 
intensities of bands has been reviewed. 

(2) The Swan system of C, and N, (second positive) systems have been 
chosen to treat some aspects relating to the conditions of excitation. 

(3) The probabilities of transition, the temperatures, and the ‘‘centres 
of intensity’’ have been discussed in relation to each other where possible. 

(4) Attempt has been made to explain some unusual intensity features 
of bands excited in different sources especially in argon. 
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IN a recent paper on the production of very low temperatures by the adiabatic 
demagnetization method of Debye and Giauque, Kiirti and Simon! obtain 
the following important result. If T,; be the initial temperature and H; 
the magnetizing field, and if T; be the final temperature obtained by adia- 
batically demagnetizing the salt to zero field, then 


Ty _ Em __ ROm 
be. 7 a re » @ 


T, §E Hp’ 
where E; is the difference in energy between the adjacent m-levels split by 
the magnetic field H;; E;=H, gf, g being the Landé factor and B the Bohr 
magneton. E,, is a certain small energy, characteristic of the crystal in zero 
magnetic field, which will be of the order of magnitude of the Stark-splitting 
of the energy levels of the paramagnetic ion under the crystalline fields. 
The corresponding characteristic temperature 0,, is defined by the relation 

k0n = Em; = ‘ie es - gt 
in which & is the Boltzmann constant. If we assume that the crystalline 
Stark-splitting is into (2J+1) equally spaced energy levels, then k6,, would 
be the energy difference between adjacent levels. 

6,, is thus an important constant, which determines the deviation of the 
magnetic entropy of the crystal from its ideal value of R log, (2J+1), and 
therefore defines the entropy-temperature curve at these temperatures. 
Any method that would enable us to calculate 6,, would therefore be of 
great interest. Its calculation from the actual Stark-splitting is not easy, 
since we do not have, at present, sufficient knowledge of either the magnitude 


1 Proc. Roy. Soc. (A), 1935, 149, 152. 
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or the dissymmetry of the crystalline fields. Kirti and Simon? have sug- 
gested an indirect method of calculating @,,, namely, from the anomaly of 
the specific heat of the crystal, which begins to appear at temperatures con- 
siderably higher than @,,. For example from measurements on the specific 
heat of gadolinium sulphate in the range 2°-5° K, they were able to calculate 
the value of its 0,,, which has since been verified by direct demagnetization 
experiments on the substance. 


The purpose of the present note is to draw attention to another and 
more convenient method of calculating 6,,, namely from measurements on the 
magnetic anisotropy of the crystal at room temperatures. Let us take as an 
example the well-known monoclinic Tutton salt MnSO,.(NH4)2SO4.6H20. 
Though, to a first approximation, the crystal is magnetically isotropic 
and its susceptibility obeys the Curie law, as we should expect from the 
circumstance that the ground state of the Mn** ion is an S-state (®S5,2), 
careful measurements reveal a feeble anisotropy. A small part of this 
anisotropy is that of its diamagnetism, which will be practically the same 
as that of the isomorphous diamagnetic Tutton crystal obtained by replacing 
the Mn by Mg or Zn; it can therefore be corrected for. Another simall correc- 
tion also is necessary, namely, for the anisotropy of the Lorentz-Poisson 
magnetic polarisation field acting on the Mn** ions in the crystal, the anisc- 
tropy being due to the non-cubic distribution of these ions. The residual 
anisotropy of the manganous salt, after making these two corrections, should 
evidently be attributed to the feeble Stark-splitting of the S-levels of Mn+ 
in the crystal, 7.e., to the same mechanism which is responsible for the 
diminution of the entropy of the crystal near absolute zero. 


This residual anisotropy (due to the Stark-splitting) implies, according 
to Van Vleck and Penney,’ a small deviation of the principal susceptibilities 
of the crystal from the Curie law, the susceptibilities being given by ‘the 
expressions, of the Weiss type, 





Cc C 
a HE a PO ce eel, ee ee (3) 
A, + As + As; = 0. oe ee oe e (4) 
For manganous ammonium sulphate, taking x; and x2 to denote the 
susceptibilities in the (010) plane, x3 that along the ‘b’ axis, and x the mean 
susceptibility, we find experimentally that, at 30°C., 





2 Naturwiss., 1933, 21, 178. 
3 Phil. Trans. (A), 1933, 232, 99. 
4 Phil. Mag., 1934, 17, 961. 
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T wi es : (5) 
eo te ak 6 a 3 és 
- we Xx 14,000 
from which we obtain 
A, =0-10°, Az = — 0-079, Az = — 0-03° K. s = 


Thus the effect of the Stark-splitting on the magnetic behaviour of the 
crystal is equivalent to that of feeble magnetic fields of the Weiss type. 
For temperatures below Aj, the corresponding Weiss field may be taken, 
as usual, to be equal to 
or 
where » = gf Vs(s+1) is the magnetic moment of the ion. 


Hy = (7) 


We shall now assume that, just as the influence of the crystalline fields 
on the magnetic behaviour of the crystal at room temperatures can be treated 
as being equal to the effect of a certain Weiss magnetic field, the effect of 
the crystalline fields in orienting the magnetic moments, and thus diminishing 
the entropy of the crystal at the low temperatures we are considering, would 
also be equivalent to the effect of the appropriate Weiss field, Hy. 

In the adiabatic demagnetization experiment then, just as the entropy 
under the initial conditions is that of practically freeMn** ions at tempera- 
ture T; placed in a magnetic field’ H;, the entropy of the crystal at the final 
temperature T; under zero external magnetic field would be that of free 
Mn*+ ions at temperature T; placed in a magnetic field Hy. Since in the 
experiment the two entropies should be equal, we obtain 





t 3k Ay (8) 

T; 4H; 4H; g8Vs(s +1) oy sis = 
which is very similar to Kiirti and Simon’s expression [see (1) ] 

Tt. 26, 

7, = Hep a vi - “ . & 


By comparing the two expressions, we obtain for the characteristic tempera- 
ture of manganous ammonium sulphate® 


3A, 
i, = —- = (Q-]0° 0. os °° es 
m = TAT = 0-10° K (0-07 em.), (10) 
which agrees well with Kiirti and Simon’s value 0-11° K. 











5 At the initial temperature the influence of the crystalline field on the magnetic entropy 
would be very small in comparison with that of the applied magnetic field. 

6 The Weiss field Hy for the crystal, at these low temperatures, is found to be about 
760 gauss. 
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Conversely, this agreement may be taken to justify our assumption 
that the effect of the crystalline field at these low temperatures in orienting 
the magnetic moments and thus producing a diminution of entropy, is 
equivalent to the effect of the appropriate Weiss field Hy supposed to act 
on these moments, which are taken to be otherwise free. ; 

Thus solely from measurements on the magnetic anisotropy of the crystal 
at room temperatures which can be easily made, it is possible to predict the 
entropy-temperature curve close to the absolute zero, which (curve) plays 
an important part in discussions on the production of these low temperatures 
by adiabatic demagnetization of paramagnetic crystals, and also on their 
specific heats in this and the neighbouring regions. 











THE CARBON ISOTOPE IN RAMAN SCATTERING. 
PART I. 


By S. BHAGAVANTAM. 
(From the Department of Physics, Indian Institute of Science, Bangalore) 


Received July 8, 1935. 


7. Introduction. 


ONLY a few attempts have been made in the past to detect the isotopes of 
different elements by studying the fine structure of the vibration Raman 
lines. Amongst these mention may be made of the work of Langseth’ who 
found that the principal line shifted by about 455cm.-! in carbon tetra- 
chloride consists of three close components at 455-07, 458-35 and 461-45 
em.-!, He ascribed them respectively to CCI,35, CC1,®° Cl®7, CCi,55 C1,%7 
molecules and showed that their positions and relative intensities are in 
qualitative agreement with what may be expected on the basis of such a 
hypothesis. There appear to be no reliable conclusions regarding the iso- 
topes of other elements. In the Raman spectrum of benzene, various 
investigators have however recorded some feeble components to the principal 
992 line. A simple calculation will show that the satellite at about 984 cm.-! 
is in the expected position if we regard the same as arising from a benzene 
molecule in which one of the carbon atoms is replaced by its heavier isotope 
of atomic weight 13. That such an origin for this line should be regarded 
as one of the possible alternative explanations was first pointed out by 
Gerlach.2 No further information is however available regarding the 
explanation of the other components. This case will be dealt with more fully 
in a later section. 


A systematic study of the fine structure of the various Raman lines 
from the point of view of the carbon isotope should be of great help in under- 
standing the nature of the oscillations especially in view of the recent quanti- 
tative determinations of the abundance ratio in this case by Aston.? For 
such investigations only lines which are intense, sharp and well polarised* 
constitute favourable cases and the choice of liquids must naturally be based 





1 A. Langseth, Z. f. Phys., 1931, 72, 350. 

2 W. Gerlach, Munch. Ber., 1932, Nr. 1, 39. 

3 F. W. Aston, Proc. Roy. Soc., A, 1935, 149, 396. 

* If the line is not well polarised, it develops rotation wings on either side and the 
separation of weak and closely-spaced satellites becomes much more difficult. 
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on these considerations. The case of gases will be more favourable as the 
lines are usually sharp but correspondingly long exposures have to be given 
even at reasonably high pressures. From a careful consideration of all these 
points, the following cases have been chosen for investigation, viz., the princi- 
pal Raman lines in benzene, cyclohexane and cyclopropane liquids and in 
ethane, ethylene and acetylene gases. The case of diamond is of special 
interest and may be added to the list. Although the choice has been such 
that the lines under question are quite sharp and well polarised, it must be 
mentioned that different separations that are to be expected in the different - 
cases make the use of special types of spectrographs necessary for each one 
of the cases. In this investigation three different instruments have been 
used. The present paper describes the results so far obtained by the author 
in this direction. 

Considerable attention is now being devoted to the case of compounds 
where hydrogen is replaced by deuterium but the problem is evidently of 
a different type as it does not usually involve a study of the fine structure 
of the lines. 

2. Experimental Results. 

Benzene.—Specially purified benzene is contained in a suitably painted 
glass tube and its Raman spectrum is obtained with the help of a Hilger 
glass littrow spectrograph using a fine slit. With an exposure of about 
50 hours, the principal line shifted by 992 cm.-! is recorded with great 
intensity and a satellite at 985 cm.-1is seen very clearly for both A 4046 and 
4 4358 excitations. A microphotometric record of the principal line and 
its component excited by A 4358 is reproduced in the Plate accompanying 
this paper. Besides the prominent satellite on the low frequency side 
marked by an arrow, yet another companion which is not very well resolved 
from the main line, may also be seen on the longer wavelength side. By 
giving a comparison exposure on the same plate of about 2} hours, it is 
found that the intensity of the principal line at 992 cm.-! is about 20 times 
that of the satellite at 985 cm.-!. 

Cyclohexane.—Cyclohexane purified by redistillation in vacuum is con- 
tained in a suitable glass tube and a Raman spectrum of this substance is 
obtained with the same instrument. By giving an exposure of 120 hours 
the principal line at 802 cm.—! is recorded with great intensity and a definite 
and marked blackening on the shorter wavelength side of this line is noticed. 
Resolution of this into a separate line could not be effected in this case. 

Cyclopropane.—Cyclopropane is condensed from a cylinder into a thick- 
walled pyrex glass tube using liquid air and when the desired amount is 
collected, the glass tube is sealed off while under liquid air, In this way, 
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the liquid is studied under a pressure of about 7 or 8 atmospheres at the 
room temperature. A Raman spectrum of this substance is obtained using 
a Fuess glass spectrograph and a fine slit. An exposure of about 72 hours 
under the most favourable conditions has given an intense Raman spectrum 
in which the principal line at 1188 cm.-! appears with great intensity. 
Besides this line, a weak component at 1175 cm.-! whose intensity is about 
1/40th of the main line is also recorded, An enlargement of this line excited 
by A 4046 is reproduced in the Plate and the component is marked by an 
arrow, Other interesting features in the Raman spectrum of this substancet 
that may be noted here are the presence of a definite rotation wing in spite 
of the relatively low optical anisotropy and a doubling of the band at 1440. 
Such a doubling is somewhat exceptional in aliphatics and is therefore of 
special interest. Results of a detailed study of the Raman spectrum of this 
substance will be reported elsewhere. 


Ethane.—Using the high pressure gas tube constructed by the author 
and described in earlier papers,* the Raman spectrum of ethane gas has been 
photographed with a 2 prism glass spectrograph of high light gathering © 
power giving a continuous exposure of about 20 days. The principal 
line shifted by 993 cm.-! due to the C—C oscillation is recorded both from 
A 4046 and A 4358 with great intensity. Alongside the principal line but 
shifted only by 974 cm.~? is recorded another satellite, the intensity of which 
is roughly 1/40th of that of the main line. An enlargement reproduced in 
the Plate shows these two lines excited by A 4358 very clearly. The com- 
ponent to the line excited by A 4046 may also be seen in the negative. It 
may be mentioned here that this line has been recorded but not so clearly 
in an earlier paper by the author® where the ethane gas was studied under 
similar but slightly less favourable conditions. 

Ethylene and acetylene have not been studied in the present investiga- 
tion and the results obtained by the author for diamond in an earlier paper® 
will be quoted here. Working with an exceptionally clear and large piece 
it has been possible to record a weak line at 1288 along with the principal 
line at 1332. 

The results relevant to the present investigation along with the approxi- 
mate intensity estimates are given in Table I. The frequencies calculated 





+ The Raman spectrum of this substance has been studied by R. Lespieau, M. Bourguel 
and R. Wakemann, Compt. Rend., 1931, 193, 1087. These authors have reported lines. at 
1188, 3011 and 3028 and bands at 867, 1439 and 3076. 

4 S. Bhagavantam, /nd. Jour. Phys., 1932, 7, 107. 
5 S. Bhagavantam, /nd. Jour. Phys., 1931, 6, 595. 
6 S$. Bhagavantam, Ind. Jour.-Phys., 1930, 5, 573. 
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on the assumption that one of the carbon atoms in each molecule is replaced 
by its heavier isotope are also given in the Table for comparison. 











TABLE I. 
Principal Satellite frequency | Satellite frequency 
Substance frequency ( Observed ) | (Calculated) 

Benzene -. ze 992 (20) 965 (1) 985-7 
Cyclohexane re 802 unresolved blackening 796-7 
Cyclopropane --| 1188 (40) 1175 (1) 1172-5 
Ethane .. = 993 (40) 974 (1) 973-6 
Diamond .. ..| 1382 1288 1280 














3. Comparison of the Results with Existing Observations in Benzene. 
The fine structure of the 992 Raman line in benzene has been studied 
- by a number of investigators but as the following table will show, the 
results due to various investigators are not in satisfactory agreement with 
each other. The relative intensities of the various components as estimated 
by the different authors are given in brackets. 
TABLE II. 


Raman Spectrum of Benzene. 











Author Frequencies and relative intensities 
J. Weiler? ee 982 (1) 992-0 (4) 
L. E. Howlett®..| 980-3 (5) 983-9 (5) 992-2 (10) 998-8(5) 10005-3 (0) 
P. L, Mesnage®.. 981-1 (2) 992-4 (10) 
L, and E, Bloch!®| 978-5 (0) 983-8 (2) 989-1 (?) 992-2(20) 999 (1) 1006-0 (0) 





There are wide discrepancies both as regards the frequencies as well as 
their relative intensities. Contrary to the above results, in the present 
investigation only two lines have been observed at 985 cm.-! and 992-2 cm.- 
their relative intensities being 1 and 20. In addition to these two, there 
appears a partially resolved wing on the longer wavelength side of 992-2 cm.-} 


7 Z. f. Phys., 1931, 69, 586. 
8 Canad. J. Research, 1931, 5, 572. 

9 J. de Phys. et le Rad., 1931, 2, 403. 
10 Compt. Rend., 1933, 196, 1787. 
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but much closer to it than the line at 985cm.-!. This feature has not been 
recorded by any of the above observers. ‘The failure to record the other 
components, v2z., 980-3, 999, etc. in the present investigation is very signi- 
ficant. According to the intensity figures given in Table II, it appears that 
they should have been recorded with the same facility asthe one at 985 cm.-! 
A possible explanation is that they have arisen from traces of impurities 
such as toluene, etc. in which case we should regard the line at 985 cm.-! 
as the only genuine companion to the principal line. 


4. Discussion of Results. 


The weak lines obtained in the present investigation, viz., 985 in benzene, 
1175 in cyclopropane and 974 in ethane have an important bearing on the prob- 
lem of isotopes. ‘Taking the principal frequency of benzene as 992-2, it may 
readily be calculated that the corresponding frequency arising from a benzene 
molecule in which all the six carbon atoms have the atomic weight 13 should 
be 953-2. The relative proportion of such molecules will however be very 
small. On the other hand we may consider the case of the molecule 
C,;" C8 H, and make an approximate calculation of its frequency by divid- 
ing the interval between 992-2 and 953-2 into six parts. We obtain 985-7 
as the frequency of this type of molecule in satisfactory agreement with the 
observed value for the satellite line in benzene. Moreover, the abundance 
ratio of 140: 1 recently given by Aston for the carbon isotope C!* may be 
made use of in a very simple way for calculating the relative probabilities 
of the C,!* H, and C," C!8 H, molecules as 23 : 1 which is in very good agree- 
ment with the ratio of intensities found for these two lines. 


A similar calculation may be made in cyclopropane by assuming the 
principal frequency to be 1188. The frequency arising from a molecule 
of the type C,!"C' H, comes out as 1172-5 in good agreement with the 
observed value, viz., 1175. The expected intensity ratio is also confirmed 
experimentally. 


In ethane, the calculation is made by considering the isotopic molecule 
Cl? Cl8 H, as having a reduced mass of */;.+7/,3 instead of 1/,.+1/,2. Assuming 
the principal frequency of the oscillation in ordinary ethane as 993, the 
corresponding frequency in C¥ C* H, can be shown to be 973-6 and from 
the abundance ratio 140: 1, we should expect the relative populations of 
these molecules to he in the ratio of 70:1. In this case, the calculated fre- 
quency 973-6 is in good agreement with the observed one, v7z., 974 but the 
ratio of intensities is not uniquely confirmed. From the photographs it 
appears that the component accompanying the line excited by A 4046 has the 
correct order of intensity whereas the component excited by A 4358 is a little 
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too intense. The possibility of the ethane gas having a higher hydrocarbon 
impurity which is giving rise to this line has been considered and definitely 
ruled out as all the higher hydrocarbons have been studied on an earlier 
occasion by the author and are found to exhibit no strong lines having a 
frequency near enough to 974. On the other hand there is a certain chance 
of a weak hydrogen oscillation having a low frequency such as 2740, hitherto 
undetected in ethane being present but it appears most unlikely that the 
coincidence can be so exact. 


In the case of diamond also, the agreement between the observed and 
calculated values may be considered satisfactory in view of the large shift 
and the feebleness of the line in question. The cases of ethylene and acety- 
lene are being studied and the results will be reported in due course. 


5. Summary. 


The principal Raman lines in benzene, cyclopropane and ethane shifted 
by 992, 1188 and 993 wave numbers respectively are found to have feeble 
companion lines of frequency shifts 985, 1175 and 974. These are attributed 
to molecules in which one of the carbon atoms is replaced by its heavier 
isotope C%%, viz., C,2C'%H,, C,27C%H, and CCH, respectively. The 
positions and the relative intensities agree satisfactorily with this view. 

In conclusion, the author desires to express his grateful thanks to Prof. 
Sir C. V. Raman for his kind interest in the work. 
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7. 


It is well known that in general an electronic band of the simplest type due 
either to the emission or absorption by a diatomic molecule can be regarded 
as consisting of a series of lines all of which can be represented, to a first 
approximation, by a formula of the type v=v,+BM-4-CM®, where M assumes 
in succession the values +1, +2, +3,...... etc. In the above formula 
. h 

<= 3F0r — 8°01" 
causing the band in question. It is easily shown that such a formula gives 
rise to two different types of bands according as the constant C is positive 
(I’< I”) or negative (I’> I”). In the former case the band appears degraded 
towards the violet whereas in the latter it appears degraded towards the red. 
These general characters persist even in complicated types of bands and 
imply that absorption of energy by molecules can in some cases (band 
degraded towards the violet) result in a diminution of the equilibrium distance 
between the nuclei whereas in some others (band degraded towards the red) 
it can result in an increase. Closely connected with the change in the equili- 
brium nuclear distance of a molecule on being raised to a higher electronic 
state is the well-known fact that the binding strength between the two nuclei 





Introduction.* 









where I’ and I” refer to the two electronic states 
























* The notation employed in this paper is as follows :— 


h Planck’s constant. 
c = Velocity of light. 


ll 


U = Potential energy of the molecule. 

pe = Reduced mass; ewe = Anharmonic constant. 

Ve = Spacing of the two electronic levels involved. 

Mi,é@2 = Electric moments induced in each of the two atoms. 

I’, I’ = Moments of inertia in the upper and lower electronic states respectively. 
re, re’ = Equilibrium distances between the nuclei for the upper and lower 


electronic states respectively. 
we’, we’ = Vibration frequencies for the upper and lower electronic states respec- 
tively. 
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and with it the vibrational frequency also undergo marked changes. As is 
well known there is a striking relationship between the two phenomena ; if 
on being raised to a higher electronic state, the equilibrium distance between 
the nuclei of a molecule increases, the vibrational frequency is diminished, 
whereas if the equilibrium distance between the nuclei diminishes, the vibra- 
tional frequency is increased. These statements, to which there are only a few 
minor exceptions, are solely based on experimental facts and are to a large 
extent empirical. The existing ideas relating to the mechanism of light 
absorption by molecules provide no clue whatsoever as to either the direction 
or magnitude of the changes in the nuclear distances and the vibration frequen- 
cies to be expected when a molecule absorbs energy and passes over into a 
higher electronic state. It is the purpose of the present paper to suggest a 
new line of thought in this direction, which it is hoped will form the basis of a 
satisfactory interpretation of the experimental facts. 


2. The Potential Energy Function and Molecular Properties. 


Several equations!?* have been proposed which express the potential 
energy due to nuclear motion of a diatomic molecule as a function of the 
nuclear distance. These equations which are of fundamental significance 
in connection with problems relating to molecule formation involve constants 
such as the equilibrium nuclear distance, the vibration frequency and the 
anharmonic correction characterising the molecule in each one of its electronic 
states. It is possible to evaluate the potential energy function for the different 
electronic states of a molecule if the constants that enter into the equations 
are known and these constants (r,, w, and x,w,) for the different states of the 
molecule can at present be determined only experimentally if the band 
spectrum is completely analysed. Further, a theoretical computation and 
hence a prediction of the molecular properties in the different electronic 
states should also be possible. Mathematical difficulties have how- 
ever prevented such calculations being successfully made except for two very 
simple cases of diatomic molecules, viz., the hydrogen molecular ion and the 
hydrogen molecule, the potential energy curves for the various electronic 
states of which have been computed by Burrau, Morse and Stueckelberg, 
Heitler and London and others using different wave mechanical methods. 
No calculations of this type however are available for more complex systems. 

From a study of the data available in a large number of cases, certain 
empirical rules have however been given which endeavour to correlate the 





1 Fues, Ann. der Phys., 1926, 80, 367. 
2 Morse, Phys. Rev., 1929, 34, 57. 
3 Rydberg, Z. f. Phys., 1931, 73, 376, 
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different equilibrium nuclear distances and the vibration frequencies of a 
molecule in its various electronic states. Amongst these mention may be 
made here of the following due respectively to Mecke*, Morse’ and Badger‘. 
w,r.*=Constant .. (1) ; wr.2=—Constant .. (2) ; ko(r,—d)?=Constant -- (3) 
Equation (1) applies to the different electronic states of a given molecule, 
equation (2) applies to the different electronic states not only of a given 
molecule but also of a group of different molecules and equation (3) applies 


to all molecules with varying values for d. 


3. Theory of Induced Electric Doublets. 


We shall now proceed to consider the mechanism of light absorption by 
a diatomic molecule. It will be assumed that the light wave, in the first 
instance, only affects the motion of the extra nuclear electrons. From an 
analogy with the classical theory of optical polarisation, we may regard the 
atoms as centres of temporary electrical doublets formed under the influence 
of the electric field in the incident light wave and all changes in the nuclear 
constants which occur when the molecule passes over into a higher electronic 
state are regarded as consequential on the formation of such electric doublets. 
As has already been remarked, there are two types of transitions one in which 
the equilibrium nuclear distance increases and the other in which it diminishes 
by light absorption. Various possibilities arise regarding the direction of 
the axes of the two doublets in the molecules, both with reference to one 
another, and with reference to the nuclear axis. For simplicity’ we make 
what appears to be the most reasonable assumption, namely, that they are 
parallel to each other and lie either along the nuclear axis or transverse to it. 


In the former case, the doublets attract each other with a force equal to = 


Spy Me 
y* 


and in the latter case repel each other with a force equal to where py 


and p, are the electric moments acquired by each of the two atoms. yp, and 
#2 Will be regarded as equal to one another if the two atoms are identical. 
Under these conditions a new equilibrium will be established and the equili- 
brium distance will be less or more than the initial value according as the 
doublets are of the former or of the latter type. If we take the initial poten- 
tial energy curve to be represented by the well-known Morse function, 
the potential energy after formation of the above doublets may respectively 
be written in the two cases as 





4 Z. f. Phys., 1925, 32, 823. 
5 Phys. Rev., 1929, 34, 57. 
6 Jour. Chem. Phys. 
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U, = — 2Deelr-re) 4+ Der2alr-re) — ya oe er no. 
r 
U, = — 2De@lre) + Dere(r-re) + oral “ -- (2) 
P whe seitaiiensintacinnaia : 
In these equations D = om anda = V8n%c x,w, p/h and the various 
eWe { 


letters have the usual significance.* Equations (1) and (2) may be expanded 
and rewritten as (3) and (4) respectively after neglecting higher powers. 


: Saif. Me—H 
U; = — D+ ary — 7)*D....— ye y-S"d.d. (3) 
t. = — m+ at(r — 7.)*D.... + OO5? [1-2]. (4) 


In order to obtain the conditions for the new equilibrium positions, we differen- 
tiate (3) and (4) and equate the forces to zero and derive the following relations. 





(re) = ELE. (6) = 1) = . 6 
In these equations a?D =27°c?w,24. Equations (5) and (6) correspond respec- 
tively to the cases of attraction and repulsion. In the former, the final 
equilibrium value of the nuclear distance is less than the initial value 7, and 
vice versa in the latter. The value of u; 2 pertaining to an electronic transi- 
tion in any one molecule, which represents the strength of the induced doublets 
that have to be postulated to account for the observed changes in the equili- 
brium nuclear distances, may be obtained by substituting the actual changes 
derived from the absorption spectrum data in equations (5) and (6). The 
electric moments for a large number of molecules calculated in this manner 


are contained in the eleventh column of Tables I and II. 
fas is small in comparison with D, the important terms in 
equations (3) and (4) may be rewritten as 


2pie __ Spr*pa? - a(D ‘ pipe 4 Dpipee 


—D— 73 73a*D 13 73a?D 
pipe 
(7 =f ae (7) 
2.8 9 
eae Sere” ge (pp — Mabs 4 Pee 
es r> 4r3a?D wii (p 13 " 4r3a?D 
Spies \* 
(7 — " ~ Or 4a2D -. (8) 





* See Condon and Morse, Quantum Mechanics, page 163. 
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TABLE I. 
Bands Degraded to the Violet. 





Molecule 


| wo 
et 


x 1078 


te’ | we” | xe"we" - We’ | We’ 
A.U. | cm."? | cm! (calc.)} (obs.) 


calc. Band 
Vee: 


} 0 
= 

at 
> 





calc. 





20031 of ° ° . ° 2088 0-348 
| 14432 ; . 44% . 1338 0-911 
| 25798 | 1-169 | 1-148 | 2068-8 | 13-18 | 1-594 | 1. 2164 | 1-029 
| 19271 | 1-730 | 1 1498-5 | 31- . 1604 | 
| 19379 | 1-308 | 1-261 | 1644-6 | 11- “lt 1793 
25566 | 1-113 | 1- 2206-8 | 16+ . 2418 | 
19344 | 1-348 | 1: 1259-1 6 . 1280 | 
| 29653 | 1-201 | 1- 1732-8 | 14- . 2045 | 
44193 | 1-146 | 1-060 | 1906-5 | 14- 2 2375 | 





22164 | 1-232 | 1-118 | 1516-7 | 17- -658 . 2005 | 2182 | 





























polarisability 





These may again respectively be regarded as the first two terms of modified 
Morse functions (9) and (10).* 
— 2Dlear-r,’) + Dietalr-r:’) ; re .. (9) 
— 2D'eare') + Dear’) nae oe _ .. (10) 
Equation (9) signifies that the creation of two attracting doublets of strength 
#4, and wy may be regarded to a first approximation as causing an increase of 


i ' Duro . Dpr*ue® 
the dissociation energy to D’ equal to D + i + 7D 


ponding diminution of the equilibrium nuclear distance to y, 


3 wr , wer , 
equal to 7, — eT Similarly equation (10) signifies that two repelling 


with a corres- 


‘ 


doublets 4; and 2 cause a diminution of the dissociation energy to D’ 


Hie, Spy" 


1 P . . ° *4: 
— + — with a corresponding i - 
73 4y,8a2D p g increase in the equili 


equal to D -—- 


Spies 


brium nuclear distance to rv, equal to 7, + . In both cases D is equal to 





* This mode of representation is exactly similar to the one adopted in studying the 
effect of adding a small kinetic energy term due to the rotation of a molecule to its nuclear 
potential energy. For the details of calculation see Condon and Morse, Quantum Mechanics, 
page 164. 
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TABLE II. 
Bands Degraded to the Red. 



























































Sy | a eae ee 222 |, 33 
Gem’ | al. | aT. | ome fae) 2 | ZF key] aie] eeee | |e hp 
| Blael fT [Sa |e a 
AgH | 29898 | 1-614 | 1-638 | 1760-0 | 34-05 | 4-465 | 4-237 | 1714 | 1664 0-991 
05 13121 | 1-204 | 1-223 | 1568-0 | 11-65 [10-350 | 9-493 | 1502 | 1433 1-237 1-415 
BeF | 33187 | 1-357 | 1-390 | 1265-6 | 9-12 | 8-612 | 7-790 | 1190 | 1178 1-460 
BeO | 21197 | 1-328 1-359 | 1487-5 | 11-87 | 9-154 | 8-166 | 1406 | 1871 1-549 
AlO | 20635 | 1-614 | 1-663 | 977-0 | 7-00 | 6-692 | 5-280 | 868 | 868 2-493 
CuH | 23311 | 1-460 | 1-568 | 1989-9 | 36-85 | 5-013 | 3-992 | 1781 | 1700 1-89] 
Li, | 20395 | 2.670 | 2-930 | 351-6] 2-59 | 2-342 | 1-842 | 312] 270 3+339 
CO+ | 45638 | 1-110 | 1-160 | 2212-0] 15-17 /15-830 | 12-440 | 1962 | 1722 2.229 2-900 
HgHt | 44108 | 1-590 | 1-690 | 2016-0 | 40-80 | 4-889} 3-744 | 1764 | 1647 2-254 
CN | 10900 | 1-169 | 1-236 | 2068-8 | 13-18 {15-930 | 12-060 | 1800 | 1789 2-599 1-459 
Nay | 20302 | 3-070 | 3-404 | 159-2] 0-73 | 1-714 | 1-226 | 185 | 124 4-106 
K, | 15369 | 3-910 | 4-220 | 92-6] 0-35 | 1-190 | 0-841} 78| 75 4-863 
AuH | 27345 | 1-520 | 1-670 | 2302-0 | 42-00 | 6-193 | 4-181 | 1891 | 1690 2-879 
2nH* | 46432 | 1-510 | 1-710 | 1916-0 | 39-00 | 4-619 | 2-899 | 1518 | 1865 2-719 
CdH+ | 42680 | 1-660 | 1-860 | 1778-0 | 36-50 | 4-227 | 2-562 | 1880 | 1250 3-049 
8 31673 | 1-603 | 1-806 | 727-4| 2-75 | 9-441 | 5-080 | 584) 485 4-709 4-306 
PbO | 30106 | 1-918 | 2-042 | 722-3] 3-73 | 6-864 3-621 525 | 531 5-032 
MgH* | 35629 | 1-649 | 2-008 | 1702-2 | 34-20 | 4-157 1-979 | 1174 | 1138 3-808 
P, | 46802 | 1-880 | 2-120 | 779-3 | 2-72 |10-960 | 4-258 | 486| 471 7+423 
80 | 39109 | 1-489 | 1-769 | 1123-7 | 6-12 /10-140 | 2-271 | 582 | 629 6-017 3-078 
hew,? FoR 
ine, and as it is assumed that a and hence x,w, does not change, 


the new value of w, the vibration frequency, may easily be calculated. 


It may, however, be remarked even here that it follows very naturally 


from the equations that an increase in the equilibrium nuclear distance 


is always accompanied by a diminution of the vibration frequency and 


vice versa. 


AT 


This conclusion is in entire agreement with the observed facts. 


e 
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4. Comparison of Theory and Experiment. 

The theory outlined in the foregoing section has been applied 
to almost all cases of bands for which complete data are available. The 
data contained in Tables I and II are taken from the International Critical 
Tables, Vol. 5, and ‘‘Report on Band Spectra of Diatomic Molecules” by 
W. Jevons. Unit of »,, w,” and w,’ is one em.-! and of 7,” and +,’ is 
10-8 cm. 

5. An Independent Method of Calculating the Electric Moments. 


An alternative method is to regard the energy of electronic excitation as 
having been spent in creating an electric moment in the molecule. If it is 
assumed that the molecule is composed of uniformly polarisable matter of 
volume v, having a dielectric constant K and an optical polarisability P the 


EYK— 


‘ , l)v 
energy of electrification is easily seen to be — where E 


87 
s2pe2 


, , E?P*y® 
represents the field strength. This may be rewritten as Pp after multi- 
plying both the numerator and denominator by Pv since K — 1 = 4nP. 
The numerator represents the square of the total moment pw induced in the 
molecule as a result of electronic excitation and the denominator is twice the 
polarisability P per single molecule. Equating this to the energy of electronic 


excitation we have 
eS 


Be a “3 OD 
op =hve or p? = 2 P hve 


~ 


for a transition in which v represents the spacing of the two electronic levels 
involved. P isthe polarisahility of the molecule in question and if it is known, 
the value of p may be calculated. In case of molecules having identical atoms, 
it is assumed that this moment is shared equally by them and in other cases, 
it is divided in the ratio of the optical polarisabilities of the constituent atoms, 
thus obtaining the values of 4; and yy» of the preceding section which together 
constitute 4 the total moment of the molecule. The quantity Vp, p, calcu- 
lated in this way for a few molecules for which data are available is given in the 
last column of Tables I and II which may be compared with a similar quantity 
in the adjoining column. 
6. Discussion of Results. 


The outstanding feature exhibited by the results in the eleventh column 
of ‘Tables I and IT is the close correspondence between their order of magnitude 
and the permanent electric moments that are frequently met with in molecules. 
This lends a strong support to the ideas contained in the present paper. The 
frequency in the lower state and the frequencies (calculated and observed) 
in the upper state have been printed in thick type to facilitate comparison. 
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In Table I, the agreement between the calculated and observed values is 
very satisfactory in practically all the cases studied. In Table IT, in most 
cases, the agreement is satisfactory but there are some which are marked by 
unsatisfactory agreement (CO+, AuH, ZnH,etc.). These remarks have 
to be considered along with the following facts. For some reason, the changes 


9 
; . “ 2 
in the nuclear distance are usually small and the term — or (D,” —D,’) 


is also small in comparison with D,” in the case of bands degraded to the 


9 
a . f . . “~#-Ii-P2 . 
violet and we are therefore justified in regarding = is as a perturbing 


energy and the results consequently are universally satisfactory. On the 
other hand, in the case of bands degraded to the red, the changes in the nuclear 
distance are large and (D,”-- D,’) ) is in many cases comparable to D," 
(AuH downwards in Table II) and in such cases we cannot expect the method 
to work at all. Nevertheless it is remarkable how the large changes, as for 
instance in the case of SO and Pg, are indicated correctly but it must he pointed 
out that good agreement in such cases may partly be accidental. In the 


9 
case of halogens (Cl2, Brg and I) the term beconies very large as the 
atoms are very heavy and the changes in the nuclear distances are 
appreciable and the method totally fails as may be expected. These are 


therefore not included in the Tables. 


Another remarkable feature which lends support to the foregoing ideas 
is the general correspondence between the values of electric moments given 
in the last two columns of Tables I and II in spite of the fact that the methods 
by which they have been derived are entirely independent. Even niore inter- 
esting is the result that large electric noments have to be postulated in order 
to account for the observed changes in the nuclear distances of highly polari- 
sable substances like Nag, Ko, Se and Ps. This indicates an unmistakable 
relationship between the phenomenon of optical polarisability and the 
mechanism of electronic excitation which forms the starting point of the 
present paper. 

7. Summary. 

The process of electronic excitation of molecules is pictured in the follow- 
ing way. It is assumed that under the action of the incident light wave, 
the atoms become electric doublets whose axes can be either both parallel 
or both perpendicular to the nuclear axis. In the former case, the doublets 
attract each other andthe equilibrium nuclear distance diminishes on elec- 
tronic excitation. In the latter, they repel each other and the equilibrium 
nuclear distance increases. Both these types of transitions are known to 
exist. Fromthe observed changes in the nuclear distances, a calculation is 
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made of the electric moments that are to be postulated in several cases and 
it is found that these are of the same order of inagnitude as the permanent 
moments frequently met with in molecules. 


By adding the mutual potential energy of the doublets to the nuclear 
potential energy function, it is shown that the creation of doublets may be 
regarded as equivalent to an increase in the vibrational frequency of the mole- 
cule if they are of an attracting type and a decrease of the vibrational 
frequency if they are of a repellingtype. Thisexplains in a very satisfactory 
manner the well-known experimental fact that increase in the nuclear distance 
on electronic excitation is always accompanied by a diminution in the vibra- 
tional frequency and vice versa. Quantitative calculations reveal good agree- 
ment between the theoretically deduced and the experimentally observed 
oscillation frequencies in the higher electronic states for molecules in which 
changes of nuclear distances are relatively small. 


An independent method of calculating the strength of the induced electric 
moments is given by assuming that the energy of electronic excitation is all 
spent in polarising the atoms. Good agreement is observed between the 
values so calculated and the moments deduced from the known changes in 
the nuclear distances. It is found that large electric moments have to be 
postulated to account for the observed changes in the nuclear distances and 
vibration frequencies of highly polarisable molecules, thus indicating a funda- 
mental relationship between the phenomenon of optical polarisability and 
electronic excitation. 


In conclusion the author desires to express his grateful thanks to Prof. 
Sir C.V. Raman for many helpful discussions during the progress of this work. 
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ISOTOPE ABUNDANCE IN PLATINUM. 


By B. VENKATESACHAR 
AND 
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( Department of Physics, University of Mysore, Bangalore.) 


Received July 5, 1935. 


IN our previous investigation* to deduce the isotopic constitution of platinum 
from a hyperfine-structure study of its are lines, we have concluded that 
platinum contains, in decreasing order of abundance, the isotopes 196, 195, 
194 and 192. From eye-estimates of the intensities of the components of 
3408-13 A and A 3042-63 A, the relative abundance of the isotopes was 
estimated. Due to the difficulties inherent in a visual estimate of the 
relative intensities, the actual evaluation of the correct relative abundance 
had to wait till the microphotogramis of the structure pattern of A 3408-13 A 
were obtained. 


The necessary microphotographs have now been obtained with a 
Cambridge Recording Microphotometer. Light transmitted through the 
structure pattern is incident on a slit over a standard Osram photoelectric 
cell. The potential developed across a second cell (used as a Koch resistance) 
by the passage of the photoelectric. current is measured by a Lindemann 
electrometer, the image of whose needle is projected on to a revolving drum 
camera carrying a bromide paper. As the plate is moved forward synchro- 
nously with the rotation of the drum, the density changes of the plate 
are automatically recorded on the photographic paper. In Plate III, 
two microphotographs of the same order in the structure pattern of 
A 3408-13 A are reproduced. Fig. 1 is obtained with a slit width of 5/600 nun. : 
the components are well separated, but the narrow slit brings out the grains 
in the background. Fig. 2 is taken with a slit width of 8/600 mm.; the 
three central components are merged together, while the background effect 
is not prominent. Many more curves were also obtained and the intensity 
estimates were conducted in two ways. Firstly, the component intensities 
were so adjusted and their contours were so sketched as to give the observed 
resultant curve here reproduced ; the extreme components due to Pt 195 
were assumed to have the theoretical ratio of intensities, viz., 10:8. This 





* Venkatesachar and Sibaiya, Proc. Ind. Acad. Sci., 1935, 1, 955-960. 
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result arises out of the fact that the upper level 5d*6s6p z°D,° is considered 
to be unsplit, while to the lower level 5d*6s’a°Fy is attributed a separation 


of 0-475 cm.-! The nuclear spin of Pt 195 being } v4, the fine quantum 
numbers of the level aI’, are 9/2 and 7/2. The intensities of the components 
being proportional to the quantum weights (2f+-1), it follows that the ratio 
of the intensities of the components is 10:8. In the second method the 
microphotometer curve was obtained over three consecutive orders; the 
peaks of corresponding components were joined by smooth curves all of 
which ran nearly parallel to each other. The intensities were estimated with 
the same assumption as before. 

The average value for the relative abundance of the isotopes obtained 
from more than three determinations in each method is as follows :-— 

Mass Number — 195 194 192 

Relative Abundance os 13 10 ant 
The order of abundance is consistent with the one given earlier by visual 
estimates of intensities. The calculation of the atomic weight from the 
above relative abundance of the isotopes gives a value which is nearer 195-0 
than 195-2. The existence of heavier isotopes, especially Pt 198, in smaller 
abundance may account for this difference. But with the present data 
the chemical atomic weight must be considered to be somewhat high. 


We desire to express our grateful thanks to Dr. Royds who has kindly 
taken microphotograms of the original negative on the Cambridge Micro- 
photometer of the Kodaikanal Observatory. 

Note added in proof :— 

While the paper was in press two letters regarding the isotopes of plati- 
num have come to our notice. Fuchs and Kopfermann (Naturwiss., 1935, 
23, 372) have concluded by hyperfine structure analysis that platinum 
consists of three isotopes 196(8), 195(8) and 194(5); their results are in 
general agreement with our previous conclusions (Proc. Ind. Acad. Sci., 1935, 
1, 955-960), except for the fact that they have not obtained any evidence 
for the existence of platinum isotope 192. ‘Their estimate of the relative 
abundance of Pt 196 and Pt 194 agrees with ours and shows by inference 
a positive isotope shift in platinum. More recently a letter by Dempster 
has appeared in Nature (1935, 135, 993) ; using a spark discharge between 
platinum electrodes and a new type of mass-spectrograph, he finds 
in platinum the isotopes 196, 195 and 194 with nearly equal abundance, 
while the decidedly less abundant 198 is considerably more abundant than 
192. This would require that the faintest component in our pattern 
(0-176 cm.-? of A 3408-13 A) has to be attributed to 198 instead of 192, 
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thus leading to a negative isotope shift. The relative abundance of the 
isotopes would then be as follows :-— 
Mass Number ina 194 195 196 198 
Relative abundance... 16 13 10 ~2 


This distribution of isotopes gives again a value for the atomic weight 
near 195-0. ‘Ihe isotopes of platinum in decreasing order of abundance 
will be 194(16), 195(13), 196(10) and 198(~2) instead of 196(16), 195(13), 
194(10) and 192(~2); there can be no doubt that isotopes 196 and 194 are 
markedly unequal in abundance. Mention must however be made of the fact 
that if the new interpretation is accepted it leads to the rather unusual result 
that the centre of gravity of Pt 195 lies nearer to Pt 196 than to Pt 194. 
In all known cases the centre of gravity of the hyperfine structure compo- 
nents due to an odd isotope falls nearer the even isotope of lower mass 
number. Before a final decision is reached as to which of the two above 
interpretations has to be accepted, one has to wait till the details of 
Dempster’s investigation are published. 

Summary. 


The relative abundance of the isotopes of platinum is estimated from 
an analysis of the microphotograms of the structure pattern of Pt I 
\ 3408-13 A (a3I*,—z5D,°). Assuming a positive isotope shift, the isotopes 
of platinum with their relative abundance are as follows :-— 
Mass Number - 196 195 194 192 
Relative abundance... 16 13 10 ~2 
Dempster’s recent letter to Nature however suggests a negative shift 
and the added note gives, in decreasing order of abundance, the isotopes 
194(16), 195(13), 196(10) and 198(~2). This interpretation is not consistent 
with the usual observation that the centre of gravity of an odd isotope lies 
nearer to the lighter even isotope. The computed atomic weight in either 
case lies in the neighbourhood of 195-0. Other isotopes in small abundance 
may account for the divergence between the computed atomic weight and 
the chemical atomic weight. 
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1. Experimental. 

THE present investigation was undertaken as part of a scheme for the investi- 
gation of the nature and physical properties of rubber. As is well known, 
rubber is a high-molecular weight polymer of isoprene and as a preliminary 
it was thought worthwhile to study the Raman effect in isoprene (C;H,), 
dipentene (C,9H,,) and ocimene (C,9H,,) of which isoprene alone has already 
been studied by Dadieu and Kohlrausch! while the other two which are its 
isomeric polymers have been studied now for the first time. 


All the compounds being liquids, the well-known method of obtaining 
the Raman spectrum by focussing the image of a mercury arc into the liquid 
contained in a Wood’s tube by means of a condensing lens and then focussing 
the transversely scattered light on to the slit of a spectrograph, was used. 
The liquids were all distilled in vacuo a number of times to render them dust- 
free. 

A Hilger two-prism spectrograph was used in the case of isoprene while 
a slightly higher dispersion Feuss spectrograph was used in the case of the 
other two liquids. Throughout hypersensitive panchromatic plates were 
employed. For determining the wave-length a comparison iron arc was 
taken on each plate and the lines were measured by interpolation. 


Of the substances employed, isoprene was prepared chemically pure 
by the author according to the method described by Basset and Williams.? 
Pale crepe rubber cut into pieces of about 1 gm. each was dropped into a 
specially constructed iron retort maintained electrically at 600°C., one piece 
at a time and the products of cracking were collected in two systems of con- 
densers, one maintained at 50°C. and the other in ice and salt. The product 
collected in the cold condensers was fractionated a number of times and the 
fraction boiling steadily at 32°-5C. (680 mm.) was collected. 





1 Dadieu and Kohlrausch, Ber. Deut. Chem. Gess., 1930, 63 (3), 1657. 
2 Basset and Williams, J.C.S., 1932, p. 2324. 
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The dipentene used in the experiment was a sample obtained as pure 
from E. de Haen and it was further purified by two distillations under reduced 
pressure over sodium. 

The ocimene was prepared in a very pure state and lent to the author for 
this work by Mr. B. Sanjiva Rao of the Organic Chemistry Department of 
the Institute and the author wishes to take this opportunity of thanking Mr. 
Sanjiva Rao for his kindness. 

2. Results. 

In the following tables the various exciting lines of the mercury arc are 
designated by the letters of the alphabet ; thus a, b,c, d, e, f, g, h, 7, k andl 
stand respectively for 3650 -3, 3654 -9, 3663 -3, 3984-1, 4046-8, 4078-1, 4339-5, 
4347-7, 4358-6, 4916-4 and 5461. 

The numerical subscripts attached to the several letters indicate the 
relative intensities of the Raman lines excited by the corresponding mercury 
line on an arbitrary scale wherein the intensity of the Rayleigh scattered 
4916 line is taken as 10. 

Table I gives the Raman frequencies of isoprene. 

TABLE I. 
CH,=C—CH=CHy, Isoprene. 
| 








CH; 

| | 

No. | Shift v cm." with intensity | No- | Shifty emo | a ey 
) { 

1 525 +4 esd, | 8 1382-3 h, (2) 
2 778 i. | 9 1422-4 ej, 
3 890 +8 taj 10 1636-8 ing 
4 950-8 esd, 1 2914-3 e, 
5 994 +1 eas | 12 2981-2 b, 
6 1066 -6 ej, | 13 3015-7 ah 
7 1292 -5 ej, | 14 3092 es 




















Table II gives a comparison of the frequency shifts obtained by the 
author with those obtained by Dadieu and Kohlrausch, the figures in the 
brackets indicating the intensities of the respective Raman lines. Of the 
two low frequencies 289 and 423 reported by Dadieu and Kohlrausch and 
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not appearing in the present work, the former is considered uncertain even 
by Dadieu and Kohlrausch themselves. The agreement otherwise is good. 














TABLE II. 
Comparison Table for Isoprene. 
No. | Author oll oe ee 
1 aoe 289 (1) (2) | 9 | 1292-5 (5) 1291 (5) 
2 toh 423 (2) 10 | 1382-3 (1) 1380 (1) 
3 525.4 (4) 530 (4) 11 1422 -4 (3) 1420 (5) 
4 178 (2) 779 (2) 12 | 1636-8 (10) 1636 (10) 
5 899 +8 (2) 899 (3) 13 | 2914-3 (3) 2920 (2) 
6 950 -8 (1) 954 (4) 14 2981 -2 (2) 2983 (1) 
7 994-1 (1) 994 (2) 15 | 3015-7 (5) 3010 (5) 
5 1066 -6 (4) 1070 (4) 16 | 3092 (2) 3083 (3) 

















Table III gives the results for dipentene using the same notation as before. 














TABLE III. 
CH— CH, CH, 
CH; — c€ You—c Dipentene. 
CH,—CH, CH; 
- *,f . . ” | 1 *,? . . 
No. Shift v cm.~? | a | No. Shift v cm. 7! | a 
| 
1 | 635-7 | Ordo 9 | 1306-9 ej, 
| 
2 | 673-7 Ze 10 | 1375 ej, 
3 | 713-7 C4 11 | 1440-2 esjo 
4 760 -1 C2) 12 1610 -6 C5 Gals 
5 818-5 C1J5o.5 13 | 1673 = (broad) ji 
6 | 879-2 Cj, 14 | 2868-5 Caja 
7 |1051-5 (band) | = ju, 15 | 2929 eaje 
8 | 1207-3 ej, 16 | 2971-5 enj2 
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The various frequency shifts obtained with ocimene are given in Table IV. 











i TABLE IV. 
“'Nc—cit.—cih—cH =C—CH=CH, Ocimene. 
CH, | 
CH3 
No. Shift v cm.~ | — | No. | Shift v cm. 7? | ——— 

1 | 433 eds 9 1376 -6 ej, 
2 | 752-8 Cosdons 10 1406 +1 ej2 
3 | 885-4 CGGosbo, || 1 1440 indy 
4 | 959-1 esje 12 1634 €.5,95h, 
5 | 1069-5 eh: 13 1666 i, 
6 | 1235-3 €2); 14 2912 C25; 
7 | 1285-3 (band) ej 15 2983 is 
8 | 1344-4 Cos 16 3055 ej, 




















3. Discussion. 
(a) Relation to Chemical Constitution. 

Isoprene is represented by the formula C,H, and it hastherefore 33 degrees 
of freedom which should all be represented in the Raman spectrum. Some 
of these might be forbidden and some others might be duplicated so that all 
the 33 frequencies cannot be reasonably expected. It is however remarkable 
that only 14 frequencies have been observed by the author while Dadieu and 
Kohlrausch have observed only one more. 

It is well known that the frequency of oscillation of two atoms or groups 
of atoms can be calculated from a knowledge of the binding force between 
them and their masses by means of the formula 


= galt 
7? p 


or from the heat of dissociation of the respective groups from the formula 


rE 
B 


where v represents the frequency of oscillation ; 
f represents the binding force ; 

















p represents the reduced mass ; 
A represents the energy of dissociation ; 

and K is a constant equal to 291-5. 
A large number of calculations has been made for various bonds and 
groups by different authors, notably by Dadieu and Kohlrausch® and fair 


agreement with observations has been obtained. 
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In the following table 


(Table V) are given different linkages with their characteristic oscillations, 
both calculated by the two formule and observed. The groups compared 

















H 
are C—H ; C—C; C=C ; —C—(transverse) ; H—CH =CX, and the structure 
H 
| 
>C=C—C<. 
| 
TABLE V. 
Frequencies and Linkages. 
| 4 v deduced from Av observed 
No Type of Linkage ee“ | 
os Dissoci-| Group Effect | Isoprene | Dipentene | Ocimene 
| orce | ation | 
1 | C—H (aliphatic) | 2920 | 2988 2914 2685 2912 
2981 2922 2983 
3015 2971 
2 | C—H (aromatic) | 3050 | 3118 “a _ 
H 
3 —C—(transverse) 1200-1500 | 1382 1207 1235 
H 1422 1306 1344 
1375 1376 
1440 1406 
1440 
4 H—CH=Cx, 3080 3092 3055 
5 | C—C (aliphatic) 890 | 900 899-8 | 879-2 | 885-4 
6 C=C 1620 | 1635 1636 1610 1634 
| 
7 >C=C—C< 760 778 752 
| 1070 1066 1069 
1290 1292 1285 


























It is evident from the above table that the three compounds examined 





3 Kohlrausch, Der Smekal-Raman Effect. 


give the characteristic frequencies for C—H (aliphatic), C—C (aliphatic) and 
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C=C unmistakably in the correct regions and the transverse C—H oscillations 
have also come out in the three cases. The table further makes it evident 
that the shifts 3092 and 3055 observed in isoprene and ocimene which are too 
high for aliphatic C—H oscillations are really due to the presence in those 
compounds of the group H- CH : CX,. The group of frequencies 760, 


1070 and 1290 characteristic of the structure > C=C —C< comes out in the 


case of isoprene and ocimene but not in dipentene thus lending support to the 
chemical structure assigned to these compounds. 


It is worthy of remark that in the case of ocimene there are two shifts 
in the C=C region, one having a value 1634 and the other 1666. There are 
in the ocimene molecule three double bonds of which two are conjugate as 
in isoprene while the third is simple. The conjugate double bonds give rise 
to the 1634 oscillation while the other one gives an exalted frequency probably 
due to the loading of the bond with the CH, and CH, radicles.4 The intensity 
of the 1634 oscillation is nearly twice that of the 1666 oscillation thus lending 
further support tothe consideration that the former is due to the two 
conjugated double bonds while the latter is due to the simple bond. 


It is interesting to note that dipentene, a compound known to possess 
a cyclic structure does not give the characteristic frequencies given by benzene 
or toluene. Like cyclo-hexane, dipentene has nothing in common with 
benzene except that there are six carbon atoms joined up in a ring. It is 
also well known that the properties of dipentene well accord with those of 
aliphatic compounds. Quite probably the ring structure in dipentene unlike 
that in benzene is a puckered one similar to that in cyclo-hexane with the 
carbon atoms not all in one plane. The non-benzenoid character of the 
ring in dipentene is independently borne out also by X-ray diffraction 
results.® 

(b) Relation to Infra-Red Absorption. 

It is well known that the Raman spectrum gives only the fundamental 
oscillations of a molecule, the harmonics and the combinations cccurring very 
rarely or never at all. Such being the case, it would be of interest to compare 
the Raman spectra with the infra-red absorption spectra. 

Unfortunately infra-red absorption data are not available at all for 
isoprene and ocimene while for dipentene the results of Coblentz® on d-limonene 
have been taken as not far different. The chemical structure of dipentene 





4 Daure, Jntroduction a l’etude de leffect Raman, p. 70. 
5 V. I. Vaidyanathan, /ndian Journal of Physics, 1929, 3, 387. 
® Coblentz, Investigations of Infra-red Spectra, 1905, p. 92. 
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and limonene is identical and further Hantzsch’ has observed that with 
increasing purity the absorption of dipentene comes to agree with that of 
limonene. ‘Table VI contains the infra-red peaks converted into frequencies 
along with the Raman lines given by dipentene. Coblentz has investigated 
this compound up to 15u and hence it is impossible to answer satisfactorily 
for all low frequencies, lower than about 750. The letters in brackets indicate 
the strength of the absorption maxima while the figures in brackets indicate 
the intensity of*the Raman lines. 
TABLE VI. 
Raman Frequencies and Infra-Red Absorption Frequencies—Dipentene. 

















Infra-red Absorption iene Infra-red Absorption on 
No. Frequency No, Frequency 
Frequency v cm.~} Frequency vcm.~? 
a v cm,~? | - Vv cm. 71 
1 ” a 636 (0.5) | 11 | 8-35 | 1198 (w.) | 1207 (3) 
2 674 (0.5) | 12 | 7-6 | 1315 (w.) | 1307 (2) 
3 as is 714 (0.5) || 13 | 7-2 | 1389 (m.) | 1375 (2) 
4 12-7 787 (8.) | 760 (3) 14 6-95 | 1438 (w.) | 1440 (2) 
5 ce =< 818 (0.5) 15 6 -2 1610 (m.) | 1610 (6) 
6 | 11-3 | 885 (e.s.)| 879 (3) 16 | 6-05 | 1652 (m.) | 1673 (1) 
7 | 10-5 | 952 (w.) a 17 | 5-2 | 1923(v.w.) 
8 9-7 1030 (m.) |1051 (0.5) 18 3-9 2563 (w.) 
9 8-9 | 1123 (m.) es 2869 (2) 
19 3 +45 2898 (s.) |( 2922 (2) 
10 8-7 | 1149 (w.) 2972 (2) 























(Letters in the third and seventh columns signify the following :—v.s., very strong; s., 
strong; m., medium; w., weak; v.w., very weak.) 

It is well known that the symmetric oscillations involving no change in 
the electric moment of the molecule come out in great strength in Raman 
spectra while they are entirely absent in the infra-red absorption spectra, e.g., 
992 of benzene. It is also well known that certain frequencies occurring in 
the infra-red but not in scattering can be explained ascombinations of some 
fundamentals. 





7 Hantzsch, Ber. Deuts. Chem, Gess., 1912, 45 (1), 553, 














112 P. S. Srinivasan 


Any oscillation of dipentene, a highly unsymmetrical molecule, will 
produce large changes in the electric moment of the molecule and as such we 
should expect that all the Raman frequencies will be fairly well represented 
in the infra-red absorption. The table shows good general agreement both 
in number and shifts. 

The maximum 2563 in the infra-red has no analogue in the Raman 
spectrum. This can be interpreted asa combination of 879 and 1673 (==2552), 
two oscillations of the molecule, one of which is the C—C. The other neigh- 
bouring infra-red maximum at 1923 can also be interpreted as a combination 
of the C—C oscillation 879 with a minor oscillation 1051 making the combina- 
tion tone equal to 1930. The absence in the Raman spectrum of the infra-red 
maxima at 1149 and 952 may be explained by the fact that they are quite 
weak in the absorption itself and might come out probably after very long 
exposure in scattering. It is rather difficult to understand why the infra-red 
frequency at 1123 which is of moderate intensity in absorption does not come 
out in the Raman spectrum, especially as no combinations with low fre- 
quencies usually occur. The Raman frequency 818 does not come out in the 
infra-red probably because it is a very weak oscillation even in scattering 
and perhaps a very careful investigation in this region of absorption might 
show a weak maximum. Evidently it cannot be a symmetric oscillation, 
being very weak in scattering itself. 

The general agreement, however, is quite satisfactory. 

The author wishes to record his grateful thanks to his professor, Sir 
C. V. Raman, Kt., F.R.S., N.L., for his kind guidance and interest in the 
course of the work and to Mr. S. Parthasarathy for very valuable help in the 
discussion. 
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Fic. 1. Isoprene. 








Fic. 2. Dipentene. 





Fic. 3. Ocimene. 
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THE spectrum of trebly ionised Zinc should be similar to that of trebly ionised 
Mercury and Cadmium. An analysis of the Hg IV spectrum was reported 
some time ago’; the present paper is concerned with an analysis of Zn IV. 
Cd IV has also been analysed and will be published shortly. 


The wave-length data have been taken from R. O. Hutchinson.? These 
measurements are not accurate and the wave-lengths differ sometimes from 
those of Laporte and Lang® by more than 0-5 A in the region common to the 
two. A similar error is even more serious in the case of Zn IV lines which are 
of shorter wave-length. Accordingly the common differences sometimes 
vary by as much as 40 cm.~! so that mere recurring differences are not to be 
relied on for purposes of classification. A consideration of the intensity and 
completeness of the multiplets is a surer indication of the correctness of the 
analysis. Another criterion is furnished by the question whether almost 
all the lines in the appropriate region are covered by the scheme. Thus the 
extreme ultraviolet spectra may be divided up into consecutive regions which 
belong almost exclusively to one stage in a series of successive stages of ionisa- 
tion. A correct analysis embraces almost all the lines in one of these regions 
without leaving serious gaps. This is no doubt due to the fact that in any 
stage of ionisation only the low and middle levels are excited so that stray 
lines due to high levels not included in the classification and obtruding amongst 
the classified lines are quite rare. Though some apparently correct multiplets 
may be found by chance on account of the unreliability of the constant 
differences, all the important lines will not conform to the classification unless 
the intervals have been correctly chosen. Thus the region from A 1768 to 
A 1457 is almost wholly made up of Zn III lines and the correctness of the 
analysis is shown by the fact that the low and middle terms account for nearly 
all these lines. Similarly the spectrum of Hg IV was found to embrace nearly 
all the lines in the region A 1658 to A 1100 as combinations between low and 





1 Proc. Ind. Acad. Sci., 1934, 1, 39. 
2 Astrophys. Jour., 1923, 58, 280. 
3 Phys. Rev., 1927, 30, 328. 
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middle terms. After a few trials an arrangement of multiplets was found 
in Zn IV which had this satisfactory property of including almost all the lines 
in the region from A 1443 to A 1030. ‘The multiplets are given in Table I. 
Some combinations are represented by blends with others ; this is due to 
insufficient resolution as can be easily seen by the fact that four pairs of close 
lines resolved by Laporte and Lang have been noted as single by Hutchinson. 
The terms deduced from these multiplets are given in Table II. By extend- 


TABLE II. Term Values in ZnIV. 














Configuration Term Value (Configuration Term Value 
3d®4s *Fo)2 0 3d*4p 4611/2 79751 
4F 2) 5938 | 4G%)0 83291 

$F 5/0 9230 | 46°. | 87299 

Tors 11962 | | *G°,/2 90959 

3d7 4s? 4F y/o 2539 3d84p 4F,/5 81713 
4Fr)2 7596 | #F°,)5 84757 

4F 5/0 9915 4F. 1 86579 

4F so 10942 | #Fs)9 87759 

Sd%4s | °F 7/2 11240 3d°4p | *D°;,. | 82443 
2F 512 13840 | *D°s2 85898 

3d®4s *P5 10 12550 | #D°3j0 87311 
4Ps)0 16610 | 4D%)2 88603 

4*Pi)0 17630 3d*4p | 2F 719 94858 

3d? ? 2D,2? | —10512 2F°. 15 99267 

















ing the classification to include the lines given by Bloch and Bloch‘ in the 
visible and near ultraviolet it is hoped shortly to improve the accuracy of these 


terms. Since no Rydberg sequences have been found and so no absolute 
v 
| R 
course of the d’s*F5;.—d®p*F’,).° &c. lines and the various intervals in the iso- 
electronic-sequence Co I5, NiII®, Cu III® and Zn IV are, however, given in 


Tables III and IV. Table V gives all the classified lines with their assignments. 


term values are known, there is no point in drawing a diagram. The 





4 Jour. de Physique, 1934, 5, 289. 
5 Goudsmit and Bacher, Atomic Energy States, McGraw Hill Co. 
6 B. V. Raghavendra Rao, Zs. f. Phys., 1934, 88, 135, 
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TABLE ITI. 
| | 
Combination Col | _ Diff. Nill Diff. | Culll | Diff. Zn 1V 
d8s* Fy j2—d8 pt F% jo 29359 16804 46163 | 18384 | 64547 | 17166 81718 
d®s*Fy).—d® p*G°p 2 28982 15989 44971 : 83291 
d®s*F; )2—d® p*D°;;2 42228 oe on 76505 
TABLE IV. 
Term Col Av Nill | Av |Culll; Av |Zn1V} Av 
| 

d8s *F yg). 3482-76 8392-9 0 0 
—659-85 —936-4 —1745 —5938 

4F 0 4142-61 9329+3 1745 5938 
—547+49 —785+4 —1330 —3292 

4F5 0 4690-10 10114+7 3075 9230 
—385-65 — §84+3 —855 — 2732 

*F3)2 5075+ 75 10663-0 3930 11962 

ds 2Fy)2 7442-39 13549+1 | 72065 11240 
—1018-38 —1445-3 —1745 --2600 

2F 5/0 8460-77 14994+4 8810 13840 

d§s *Ps/2 13795+44 25034-6 12550 
—240-76 —4060 

*P3/0 14036-20 24786+9 16610 
—362-95 —1020 

4P, )2 14399-15 24834-7 17630 

d®p *G°11,2 | 32480-56 53495-6 79751 
—34-10 —3540 

4G%)0 32464 -66 53364-0 | 83291 
—708 + 64 —4008 

4G jp 33173-30 54261+5 87299 
—501-02 ~-3660 

46512 33674-32 55017-6 90959 

d§p *F°%Q)2 32841-91 54556+1 64547 81713 
—315+17 —860°6 —1480 —3044 

4F7/0 33466-78 55416-7 66027 84757 
—479+03 —657°3 —T758 —1822 

4F, 15 33945-81 56074-0 66785 86579 
—250-30 —349-4 | —462 —1180 

4F 5 15 34196-11 56423-4 67247 | 87759 

d§p *D°7;2 51556-9 82443 
—1180+5 —3455 

4D° 512 52737-4 85898 
—895-5 | —1413 

*D° 342 53633-9 87311 
—541-0 | —1292 

*7°,,3 54174-9 | 88603 

} 

d8p 2F°r)2 35450-51 570791 66342 | 94858 
—879-+28 —1412-7 —2023 —4409 

2F°. 12 36329-79 58491-8 68365 99267 
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TABLE V. 
List of Classified Lines of Zn IV. 





Int. 


Wave-length | Wave-number 


Classification 





1443-0 
1434-8 
1430-7 
1414-4 
1409-1 


1388 -8 


1387-8 


1374-8 
1366-0 
1362-9 
1360+2 
1353-0 
1349-3 
1340-0 
1327-3 
1324-2 
1322-2 
1319-6 
1319+3 
1307-1 


1304+4 





1301-6 
1295-7 


1292-8 


1284-5 


1280-8 





69300 
69696 
69896 
70701 
70967 
72005 
72057 
72738 
73206 
73373 
73519 
73910 
74113 
74627 


75341 


76664 


76829 
77178 


77352 


77851 


78076 





ds *Ps,2.—d’p *D°5,2 
d*s 4Pyj2—d®p *D°s :2 
Bs *Pos—2"p “Drs 
d’s *P3)2.—d8p *D°3)2 
d’s *Py)2—d*p *D°s)2 
d®s 4P3)2—d’p *D°y)2 


t *F5;2—d8p *D°, 2 
| d8s 2F7 j;2—d®p 46° 512 


== 


—d&p *F°s,2 
d's #F5)2—d*p *D°7)2 
d’s *P5,2—d®p *D°5,2 
d*s ?Fz)2—d8p 4F°,j2 
d§s ?F5;2—d8p *F°3/2 
ds? 4#F,)2.—d8p 4F°5/2 
d§s 4F3;2—d8p *F°;;> 
d8s “*F3)2—d8p *D°3;2 
ds 4F;;2—d8p 4F°7)2 
d?s? *#F3)2—d8p 4F°< 12 
d§s 4F7),2—d8p *F°9/2 
d§s *F3)2—d'p 4F°3;2 
d§s *F7)2—d§p *D°;)2 


{d8s_ 4F;)2—d8p 4D° 512 } 
2 
\ d?s? 4F5;2—dp 4F°5)2 


d7s? *F3)2—d8p 4F°s 12 
d7s? 4F, j;2—d8p 4F°, 0 


( ats (Fria—d8p 4G°sj2 
(d8s *F;,2—d8p *F°,). 


—— 


d's? *F5,2—d8p 4F°s/2 


(d§s 4F;,2—d8p 4#G°-,. ) 
a a Hi apot!? 
| ds F5;2— 8p D°3)2 J 
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TABLE V (contd.) 





W ave-length Wave-number 
| 


1273-4 


1268-8 


1266-1 


1263-1 
1253-9 
1250°5 
1240-2 
1234-4 


1229-0 


1216-2 
1212-9 
1200-7 
1195-8 
1179-8 
1176-0 
1170-6 
1145-5 
1136-0 
1049-8 
1037+4 


1029-9 





| 





78530 


78815 


78983 


79170 
79751 
79968 
80632 
81011 
81367 


81719 


82223 
82447 
83285 
83626 
84760 
85034 
85426 
87298 
88028 
95256 
96395 
97097 





ds 
d’s 


{ ds 
{ d7s? 


d7s? 


d§s 


( d8s 


| d8s 


d’s* 


d8s 
d§s 
ad? 


19 


da? 


Classification 


4F5)2—d®p 4F°3/2 
4F, j2—-d’p 4F° 10 


4F2)2—d*p 46° s)2 ) 
4F; )o—d8p 4F°5)2) 


4Fy)2.—d8p 4F°9;2 
4F9)2—dp *GP 11/2 
4F7,o.—d’p *D°s)2 
4F7)2—d8p 4F°5;2 
2F;);2—d’p 2F°; j2 
4F, )2—d*p *G°;,2 


*Fo)2—d*p *F°oi2 } 
4F;)2—d5p 4G 5/2) 


*Fy)2—d®p 4F°r 12 
*F 9 )2—d®p 4*D°7/2 
4F 9 )2—d8p *G°oj2 
2Fr.2—d®p 7 F°7/2 
4Fy)2—d®p 4F°7/2 
4F,2—d®p 4G°s)2 
2F5;2—d8p *F°s;2 
4F5)2—d8p 4G°z/2 
2F7j2—d8p 2F%s;2 
2D5)2—d8p *F°7 2 
2Ds5)2—dp *D°; 2 


2D5);2—d8p 4F°, 2 
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7. Introduction. 


THE study of progressive dissociation of electrolytes in solution by the 
method of light-scattering was for the first time made use of by I. R. Rao! 
in his investigations on Raman spectra in different concentrations of nitric 
acid. He has shown that the lines arising from the nitrate ion in solution, 
first increase in intensity as the concentration is decreased up to a certain 
point and then become less intense and weak for greater dilutions. In higher 
concentrations of the acid there are other lines present (some of them fairly 
strong), which become weaker and weaker and finally disappear as the dilu- 
tion is gradually increased. It has been pointed out that these lines are 
to be attributed to the undissociated molecule and that as the dissociation 
progresses their intensity diminishes while the nitrate lines gain in intensity 
in a proportionate manner. Thus a comparative study of the Raman effect 
in different concentrations of an acid provides a beautiful picture of the 
progress of electrolytic dissociation of its molecules in solution. The method 
is particularly suitable for concentrated solutions of strong electrolytes for 
which no other reliable method is available. 

Of the systems hitherto studied by this method, nitric acid and sul- 
phuric acid have received the greatest attention, because of their striking 
and fruitful results. JIodic acid is known to be a strong acid like nitric acid 
and to contain undissociated molecules even in dilute solutions.?: ? Its Raman 
spectrum has been studied, but not in sufficient detail, and the results ob- 
tained by the previous investigators* 5» * 78 are found to be discordant 





1 Ramakrishna Rao, I., Proc. Roy. Soc., (A), 1930, 127, 279. 

* Kraus and Parker, Jour. Amer. Soc., 1922, 44, 2429. 

3 Murray and Hartley, Proc. Roy. Soc., (A), 1929, 126, 84. 

4 Krishnamurti, P., Ind. Jour, Phys., 1930, 5, 633. 

5 Raman Nayar, M., and Premanath Sharma, Zeit. f. anorg. u. allg. Chem., 1934, 220, 169. 
6 Nisi, Jap. Jour. Phys., 1929, 5, 119. 

7 Dickinson and Dillon, Proc. Nat. Acad. Sci., 1929, 50, 334. 

8 Woodward, L. A., Phys. Zeits., 1931, 32, 690. 


119 








120 C. S. Venkateswaran 


and their conclusions appear to be based upon incomplete data. Compa- 
ratively little attention has also been paid in the past to the study of the 
Raman effect in iodates. The present investigation was undertaken with a 
view to clarify the position and obtain a complete Raman spectrum of the 
acid and its salts which would throw some light on their structure and 
chemical constitution. 

2. Experimental Details. 

The experimental arrangement that was made use of in the following 
investigation was the same as that described by the author in a_ previous 
communication. In order to keep the alignment of the tube and the 
spectrograph undisturbed, the apparatus was so designed that the solution 
could be changed without altering the position of the tube. The Fuess 
glass spectrograph used in the investigation had a dispersion of about 20 A.U. 
per millimetre in the 4358 A.U. region and gave satisfactory spectra. 

The substances used were supplied by Kahibaum and marked 
“analytical’’. ‘They were further purified by two or three crystallisations. 
Lithium iodate was prepared by the neutralisation of lithium hydroxide by 
iodic acid and crystallised out of the solution. Potassium bi-iodate was 
available only in the state of fine powder and it was used as such without 
further purification. In spite of the fact that the sodium and lithium iodates 
as well as the potassium bi-iodate were in a state of fine powder, reasonably 
good pictures were obtained. The best spectrum, however, was obtained 
with crystals of less than two millimetres each way in size. Larger crystals 
were not suitable for the reason that the reflection from the surfaces became 
greater and increased the intensity of the exciting line, thus rendering the 
spectrum over-exposed. The spectrograms were taken on Ilford Hyper- 
sensitive Panchromatic plate H and D 2500 and measured by means of a 
Hilger wavelength micrometer. The wavelengths of the modified lines 
were calculated by linear interpolation from the nearest known lines in the 
iron arc comparison spectrum. 

3. Results. 


Typical photographs of the spectra obtained are reproduced in the 
accompanying Plates. The scattered spectra of iodic acid and of the iodates 
were fairly intense. The acid was examined both in the state of small 
crystals and in solutions of a wide range of concentrations varying from 
18N to 0-15N. The best solid picture was obtained at an exposure of about 
two hours; but plates were also taken at exposures of six and twelve hours 
in order to bring out some of the fainter lines more prominently. Several 





® Venkateswaran, C. S., Proc. Ind. Acad. Sci., (A), 1935, 1, 850. 
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exposures were made with the solid at different stages of crystallisation in 
order to make sure that the lines obtained were genuine. The exposure 
time for the most concentrated solution was two hoursand the exposures 
for the other concentrations were increased in proportion to the dilution. 
The results obtained for the crystalline solid along with the visual estimates 
of intensity are given in Table I and those for the solutions are given in 
TABLE I. 
Todic acid crystal. 





; 
| 
Raman lines | Others 

















Exciting line | Intensity 
| T 
v iach ‘peeneneemenind N ee 
4358-3 A.U. 21541 1397 0 
v = 22938 21689 1249 0 
22096 842 2 
22115 82é 0 
Sy 22137 801 0 
22156 782 10 780.7 st. 799.15 m. 
22200 739 1 
22226 713 8 | 712.6 v. st. | 757.8 st. 
22268 670 0 
22286 62 e | 
22306 633 6 =| 633 st. 640.6 w. 
22525 413 1 | 
22561 Ste 3 | 
22610 328 6 | 327 m. 473.75 w. 
29624 314 2} 
22643 295 1 | 
22718 220 1 | 262.78 v. w. 
22740 198 0 | 
22775 163 0 
22810 128 1 
22823 115 0 
22842 97 oe | 
22858 80 
22875 64 1 | 

















A dash above some of the frequency numbers indicates that the anti-stokes of those 
lines were also present. The letters included within the brackets against some of the numbers 
in this table as well as in the subsequent ones indicate the strength of the line, viz., st. == strong, 
v. St.=very strong; m.=medium strong; w.=weak; v. w.=very weak; br.=broad; v. br.= 
very broad; d.=diffuse; and sh.=sharp. 


Table II. The frequency shifts for the iodates of lithium, sodium and 
potassium are given in Table IV and those for the bi-iodate of potassium 


in Table V. The Raman lines are in general obtained by 4046, 4358, and 
A2 F 
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TABLE II. 
Iodic acid solutions (aqueous). 
Exciting line 4358-3 A.U. Raman frequencies in cm. 
18 N 12N | 6N | 4-6 3N 15N | 0-5N | 0-15 N 
| | 
1392 w. 1392 v. w. 
1238 w. 1238 v. w. | | 
823 st. 823 st. 823 m. 823m. | 823m. | 819w. | 819v.w.| 
| | 
779 v.st.; v. br.| 783 v. st.; v. br.) 789 v.st.;br.| 789 st. br.| 796 st. 796 m. | 800 v. w. | 
| 
796 st. 796 st. sh,| 798 st. sh.| 799 st. sh.| 802 m.sh.| 802 w. sh. 
| | 
644 m.br. 644 st. br. 644 m. br. | 644 m. br.| 644 m. 644 w. | 644 v. W. | 
463 m. 463 w. 463 v. w. | | 
334 st.; v. br.| 334 v.st.; v. br.| 330 st. br. | 330 m. br.| 328 w. 328 v. w. | 328 ve | “ 
TABLE III. 
Comparison table. Raman frequencies in cm. 
sialic | | wz 
Author iar = | Cease ent) woedwerat | Maree ond 
18 N 0.6 N oy | 10N—0.8N | “oStme 
yA OB | 5 N 
1392 w. 
1238 w. 
823 st. 
| 
779 v. st.; v.br.| 805 st. 799 m. | 800 st. 796 v. st. 821.68 v. st. 
644 m.br. | 649 st. 659.01 w. 
463 m. 
393 w. 
334 st.; v. br. | 317 w. 329 m. 335 m. 358.05 w. 














5461 radiations of the mercury 


4358 A.U. as exciting line, have been given in the tables. 


arc; but only 


the values obtained for the 
The shifts obtained 


with the other two lines are used as check on the values given. 


The crystalline acid has yielded a number of lines many of which have 


not been reported previously. 


The frequency shifts obtained for the strong 


lines in the solid are in good agreement with those given by Krishnamurti.‘ 
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TABLE IV. Alkali Iodates. 





| Raman lines Others 


| 

















eae | 
Substance | Pxclting | “Avin| Intensity | Krishna- | Nayar & | 
“a9 v ar murti, Sharma 
heer Avinem.’|Avinem.* 
KIO, 4358 -3 22130 808 | medium 808 m. 807.5 m. 
(crystal) v=22938 
22149 | 789 | medium 784 m. 


22185 | 753 | very strong | 751.4 v.st 
22201 737 | very strong | 733 st. 759 st. 
22598 | 34) | weak 
22603 | 335 | weak 
22630 | 308 | weak 
22806 | 132 | very weak 


& broad 
23677 739 | weak 





23691 753 | weak 





23726 | 788 | very weak 





23745 | 807 | very weak 








KIO, (soln.) 4358 +3 22143 795 | strong 
(0-25 N at | v=22938 


30°C.) 22616 | 322 | very weak 
KIO, (soln.) " 22135 | 803 | strong 

(1.0 N at 

90°C.) 


22605 | 333 | weak 


23740 | 802 | very weak 





NalO, (solid)} 4358-3 22129 | 809 | medium 
v=22938 
22151 787 | weak 
22200 738 | strong 
22218 720 | very weak 
NalIOz (soln.) ~ 796 st.’ 
(0.25 N at ” 22142 | 796 | strong st. 


30°C.) 22614 | 324 | very weak 
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| Raman lines 
Substance Exciting line Intensity 
Av in 
v *: 
em. 
LilO, (solid) 4358 -3 22125 813 weak 
v= 22938 

22139 799 strong 
22157 781 medium 
22173 765 very strong 
22330 608 very weak and broad 
22479 459 weak and broad 
22606 332 weak 
22629 309 strong 
22695 243 medium 
22769 169 weak 

LilO, (soln.) cay Abad 22144 794 very strong 

3.4 N at 30°C. 

22335 603 very weak and broad 
22515 423 very weak and broad 
22618 320 strong 

LilO, (soln.) - 22141 797 strong 

0.25 N at 30°C. 

22618 320 very weak 




















The plate shows the remarkable change that takes place in the spectrum as 
soon as it is dissolved in water. The sharp lines in the crystal are replaced 
in the solution by very broad bands which tend, however, to sharpen again 
as the concentration is decreased. 

Table III gives a comparison of the results obtained by the author with 
those given by the previous investigators. It can be seen that some of the 
lines in the highest concentrations as well as certain anomalies in intensity 
and position of the lines observed by the author have not been obtained by 
the earlier experimenters. This is obviously due to the fact that they have 
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TABLE V. 
Raman lines 
Substance Exciting line Intensity 
v Av in 
em."* 
Pot. bi-iodate 4358 -3 21546 1392 very weak 
v= 22938 
21695 1243 very weak 
22120 818 medium, sharp 
22165 773 strong, sharp 
22199 739* | weak, broad 
22305 633 weak 
22621 317 weak 
Pot. bi-iodate a oe 22141 797 strong 
(solution) 

















worked only with concentrations less than that at which these lines appear. 
Woodward alone has worked with a 10 N solution in which 463 should have 
appeared very faintly. The single broad band at about 800 has been identi- 
fied for the first time as a close doublet consisting of a broad band with the 
centre at 779 and a comparatively narrow one at 823. The author also has 
been unable to confirm the line 393 reported by Nisi® in his 10% solution. 
The results given by Nayar and Sharma,® both for the crystal and for solu- 
tion, show large differences from those obtained by the author as well as by 
others and are evidently due to considerable errors in their measurements. 


4. Evidence for Electrolytic Dissociation in Iodic Acid. 


Figure 1 gives a schematic representation of the transition that takes 
place in the spectra of iodic acid when it goes from the state of solid to that 
of solutions of varying concentrations. The intensity of the Raman lines 
is represented approximately by the height of the dark lines. It can be 
seen from the figure that a direct correlation exists between the spectra of 
the solid and solutions. The whole series of spectra can be explained on the 





* This is the frequency shift of the centre of the band which has a width of about 60 wave 
numbers. 
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assumption that the crystalline acid consists of undissociated HIO, molecules 
and that the dissociation which is very small in concentrated solutions goes 
on gradually increasing as the concentration diminishes. Thus the sharp 
and intense lines of the acid at 782, 713, 633, 377 and 328 are due to the 
vibrations of the HIO, molecule. The two lines at 782 and 713 shift slightly 
to a higher frequency and broaden out, the two broad lines together thus 
appearing as a single broad band with the maximum at 779 and extending 
from about 730 to 815. Ina similar way the lines at 377 and 328 give rise 
to the band at 334 covering both the lines. The band at 644 arises from the 
single line at 633 and is narrower than the other two as can be expected. 
As the concentration falls off, the number of undissociated molecules decreases 
and these bands gradually lose both in intensity and in breadth (Fig. 2). 
The band at 779 appears also to shift in position. The two lines at 1397 and 
1249 which are present in the solid and in the 18 N solution do not appear in 
any other concentrations. There is alsoa band at 463 in the 18 N solution 
which diminishes in intensity very rapidly and is practically non-existent 
at about 4-5.N. These three lines are also to be attributed to the HIO, 
molecule. 


At about a concentration of 6 N a fairly sharp line at 796 appears 
superposed on the band in that region and this goes on increasing in intensity 
relative to that of the band as the dilution increases. At about 0-5 N this is the 
strongest line in the spectrum as can be seen from Fig. 4 and the superposed 
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band is very weak. This line appears also very prominently in the solutions 
of alkali iodates and is evidently to be attributed to the IO; radical. The 
relative increase in the intensity of this line in the more dilute solutions 
indicates the progress of dissociation of the acid itself. The other line at 
320 observed in the iodate solution is presumably superposed on the HIOsband 
at 334; but its effect on the band is too feeble to be observed. The fact 
that the band at about 800 persists even in solutions of about 0-5 N shows 
that the dissociation is incomplete even at such high dilutions. 


5. Evidence for the Polymertisation of the Acid. 


A large mass of chemical evidence!®" goes to show that iodic acid is 
polymerised to an appreciable extent in aqueous solutions ; but the existence 
of a few contradictory chemical facts keeps it still an open question. In 
their investigations on the Raman effect, Nayar and Sharma?’ have failed to 
elicit the band at 634 and 334 in very dilute solutions (0-2 N) and they, there- 
fore, have pointed out that these two lines are due to the polymers of the 
acid. But in the investigations of the author these lines appear, though 
only feebly, in all dilutions and hence the conclusions of the above authors 
based upon this fact are not justified. There is, however, other evidence to 
show that I,O,” ions exist in aqueous solutions. As can be seen from Fig. 
1, the line at 823 which appears very prominently as a component to the 
strong band at 779, does not exist either in the solid iodic acid or in the 
spectrum of the iodates, but is present as a line of medium intensity in the 
bi-iodate of potassium. This line is, therefore, a positive proof for the exist- 
ence of I2O,” ions in iodic acid solutions. The intensity of this line goes on 
diminishing as the dilution increases, which shows that the polymerisation 
becomes gradually less. The faint appearance of this line even at a concen- 
tration of 0-5 N indicates that 1,0,” ions are present even in dilute solutions. 

Though, generally, the Raman lines in the solutions of electrolytes are 
broader than in the solid which is attributed to the increased freedom of rota- 
tion of the ions in the solutions, the extraordinary breadth of these lines in 
the iodic acid solutions is unaccountable unless it is also attributed to the 
influence of the polymerised molecules themselves. This suggestion is justi- 
fied by the fact that in the similar case of water, the Raman line correspond- 
ing to the fundamental oscillation of the molecule appears as a broad band 
consisting of three components, which has been shown by elaborate analysis” 
to be due to the highly polymerised state of the water molecule. 





10 Gmelin’s Handbuch der Anorganische Chemie, 1933, 8, 419J. 
11 Raman Nayar, M., and Gairola, T. R., Zeit. f. anorg. u. allg. Chem., 1934, 220, 163. 
12 Ramakrishna Rao, L., Proc. Roy. Soc., (A), 1934, 145, 489. 
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In order to examine whether the spectrum of the salt of the dibasic iodic 
acid shows any similarity to that of the solid or of the concentrated solution, 
the Raman spectrum of potassium bi-iodate has been investigated both as 
solid and solutions and the results are given in Table V. The spectrum of the 
solid resembles, in a general way, that of the iodic acid crystal. But there is 
the appearance of a line of medium intensity at 818 which is to be attributed 
to the I,0, radical. The strong line at 713 in iodic acid has spread out into 
a band with its centre at 739 in the bi-iodate. This fact is very significant 
for two reasons. Firstly, it shows the effect of polymerisation on the line 
belonging to the HIO; molecule and substantiates our assumption regarding 
the finite width of bands in the acid solutions. Secondly, it is interesting 
because, usually crystals give only sharp lines and the appearance of this 
band in the solid is surprising. The solution of this salt (less than 0-1 N) 
has given only one line at 797 corresponding to the intense line of the IO, 
radical. From these we are led to conclude that while in the solid the acid 
salts of the iodic acid are complex compounds in which I,O,” ions exist, in 
the aqueous solutions, the bi-iodates behave in the Raman effect, as if they 
are only mixtures of the acid and the alkali iodate."8 

6. Structure of Iodates. 


The fundamental vibrations of the molecules of the AX3 type have been 
treated by Dennison", assuming a symmetrical pyramidal model. For this 
type, it has been shown that there are four normal modes of vibration, two 
of the normal vibrations with frequencies v; and v, being parallel to the axis 
of symmetry and the other two normal vibrations with frequencies v3 and v4 
being perpendicular to the axis of symmetry (which are doubly degenerate). 
In the Raman effect vj and vg would appear stronger than v3 and v4 because 
the former are optically less active than the latter and v; in which the X 
atoms execute symmetrical expansions and contractions in their plane while 
the A atom keeps vibrating along the symmetry axis, would come out as the 
most intense line. Following the ideas of Hund! it was later on shown 
by Dennison and Hardy?* that in the case of the pyramidal molecule of the 
AX3 type like NH3,in which the A atom lies close to the plane of the X atoms 
the parallel vibrations v; and vg become double, the magnitude of the doublet 
separation depending generally on the height of the pyramid and on the 
frequency. If the A atom lies in the plane of the X atoms, that is, if the 
model is coplanar as in the case of the COs or NOs radical, the splitting of the 





3 Walden, P., Zeit. Phys. Chem., 1888, 2, 64. 

4 Dennison, Phil. Mag., 1926, 1, 195. 

15 Hund, F., Zeit. f. Phys., 1927, 43, 805. 

16 Dennison and Hardy, Phys. Rev., 1932, 39, 938. 


~ 











Raman Spectra of lodic Acid and the Alkaline lodates 129 





symmetrical oscillations do not take place and the totally symmetrical oscil- 
lation which does not involve any change in the electric moment, is optically 
inactive and appears very strongly in the Raman effect, while the other 
symmetrical oscillation perpendicular to the plane does not appear at all 
in the Raman effect. The splitting of the vibrational levels can also occur 
if there are accidental degeneracies among the frequencies as in the case of 
CCl, CSo, COs, etc. 


In the Raman spectra of the iodates we have found that one of the 
parallel vibrations splits up into a quadruplet and the other into a doublet 
or triplet and their probable significance will be discussed here. 


Table IV gives the Raman frequencies observed for the iodates of lithium, 
sodium and potassium both in the state of crystals and solutions. A concen- 
trated solution (3-4 N) of lithium iodate has yielded a very strong line at 794 
and a fairly strong line at 320 and two weak lines at 423 and 603. In the 
crystals, all the three iodates give a strong group of four lines in the neighbour- 
hood of 800 and another less prominent group at about 320. Lithium iodate 
shows also two broad bands at 459 and 608, which probably consist of un- 
resolved components. Besides in the crystals of lithium iodate and potassium 
iodate as well as in the crystals of iodic acid, there exist a number of lines of 
lower frequency and these will be treated separately in the succeeding section. 
These four lines which occur in the iodates as also in the iodic acid evidently 
belong to the fundamental vibrations of the IO3 group. Since all the four 
frequencies appear and both the parallel vibrations exhibit splitting, we are 
led to conclude that the IO3 radical is pyramidal in structure with 
the I atom close to the plane of the O atoms. In such a case the two 
groups of lines at about 800 and 320 correspond to v; and v2 respectively and 
the two faint lines at 608 and 459 correspond to v3 and v4 respectively. The 
infra-red data for potassium iodate gives the absorption frequencies at 781, 
748 and 371.1718 


Though the relative shifts and intensities of the components differ widely 
from one component to another, the differences between the first two lower 
shifts and the last two higher shifts are almost equal and are of the same 
magnitude from compound to compound. These four components can be 
represented by the relation v,’=v, +a +B, where », is the average of all com- 
ponents, f is half the difference between one and two or three and four and a 
is half the difference between one and three or two and four. Table VI gives 





17 Schaefer and Schubert, Ann. der Phys., 1921, 7, 309. 
18 Laski, Zeits. f. Krist., 1927, 65, 607. 
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the values of v,, a and f and the calculated values of frequencies together 
with the observed shifts of the components. 


TABLE VI. 




















3 | Calculated Observed 

gy) o)F | | | 

2 vita+f\v;+a—B\v;—a+B\vi—a-f} 1 2 3 4 
HI1Osg |812} 8+5/20-5 841 800 824 783 842 w. | 801 v.w.| 823 v.w.| 782 st. 
LilOg; |789} 7 |16 812 780 798 766 813 w. | 781 m. | 799 st. | 765 v.st. 
NalO;|764|10 (35 809 739 789 719 809 m. | 739 st. | 787 w. | 720 w. 
KIO; |770/410 (|26 806 754 786 734 808 m. | 753 v.st.| 789 m. | 737 st. 





























A tentative explanation for this interesting fact is given as follows. The 
vibrational energy levels with frequency », is split upin the first instance, toa 
doublet in accordance with the Hund-Dennison theory and is further split 
up, to form a quadruplet due to an accidental degeneracy »,=v,+y. In 
the case of lithium iodate where four frequencies are observed, this condition 
has been satisfied. That the parallel vibration with frequency v, also shows 
splitting in all cases lends support to our postulate regarding the first split 
of v,. If the above explanation is valid, the height of the pyramid should 
be small enough to cause the splitting and the X-ray evidence? 2° seems to 
support it. 


It should be remarked that the relative shifts and intensities of the 
components differ from compound to compound as illustrated in Fig. 5 
and this is to be explained as due to the influence of the cation on the vibra- 
tions of the radical. That the cation in the solid aggregate has a great influ- 
ence on the vibrations of this radical, is also demonstrated by the fact that 
in the solutions of all the iodates where the influence of the metal ion is con- 
siderably less, the components vanish giving place to strong lines of finite 
breadth. The vibration frequencies of lithium, sodium and potassium show 
also a small increase according to the increasing atomic weight. The strong 
line of lithium iodate likewise, appears to shift towards lower frequencies 
as the concentration increases. The effect of temperature on the main vibra- 
tion frequency appears to be opposite to that of concentration as can be 
seen from the values given in Table IV, for potassium iodate solution at 30°C. 





19 Zachariasen, Z. Krist., 1929, 71, 501 and 517. 
20 Zachariasen and Barta, Phys. Rev., 1931, 37, 1626. 
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and 90°C. A detailed theoretical analysis of the spectra of the iodates is 
deferred to a later publication. 


7. Low Frequency Oscillations. 

A clear spectrum of the crystals of iodic acid shows besides the lines 
corresponding to the molecular structure described above, a number of lines 
with a maximum shift of about 220 (Fig. 6) in the neighbourhood of the 
exciting line, namely, 220, 198, 163, 128, 115, 197, 80 and 64. The antistokes 
of some of these lines are also faintly visible, but could not be measured 
because of the presence of the companions for the exciting line. Two similar 
low frequency shifts at 243 and 169 are also obtained for solid lithium iodate 
(Fig. 7) and only one at 132 for the potassium iodate crystals. These lines 
are completely washed out in solutions and there is an appearance of faint 
wings on either side of the exciting line. Similar low frequency oscillations 
have been observed previously by the earlier investigators in some crystals 
of carbonates,”! and nitrates* and quite recently by Gross and Vuks*? in the 
crystals of diphenyl, benzene and naphthalene and are explained as belonging 
to the lattice vibrations in the crystal. Thus, one possible explanation for these 
observed low frequency oscillations in the iodates is that they are connected 
with the vibrations of the layers of the atoms in the crystal lattice against 
each other. But it is hard to believe that the lattice is capable of oscilla- 
tions giving rise to such a large number of lines as is the case with iodic acid. 
Another alternative explanation that may be put forward is on the lines 
suggested by Bhagavantam,** namely, that these low frequency oscillations 
are due to the oscillational motions or restricted rotations of the molecules 
in the solid state. The molecules possess greater freedom for rotation in 
solution and exhibit the phenomenon of wings. The whole theory of the 
so-called lattice vibrations is, however, inits infancy and no more can be 
said about them until a clearer picture of it is forthcoming. 

In conclusion, the author wishes to express his grateful thanks to Prof. 
Sir C. V. Raman, F.R.S., N.L., for his helpful interest in the work. The author’s 
thanks are also due to Dr. P. Krishnamurti for his keen interest in the work. 

Summary. 

The Raman spectrum of the iodic acid as a function of concentration 
and of the iodates of lithium, sodium and potassium in the state of the solid 
and solutions have been investigated. The crystals of iodic acid yield five 





21 Bhagavantam, S., Zeits. fur Kryst., 1931, 77, 43. 

22 Cabannes and Canals, Compt. Rend., 1931, 193, 289. 

23 Gross and Vuks, Nature, 1935, 135, 100; Nature, 1935, 135, 431. 

24 Bhagavantam, S., Jnd. Jour. Phys., 1933, 8, 197; see also Pauling, L., Phys. Rev., 
1930, 36, 430. 
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intense lines and a number of weak and sharp lines, which are replaced by 
intense and broad bands in solution. The spectrum of the solutions for a 
very wide range of concentrations varying from 18N to 0-15N show an 
anomalous behaviour regarding intensity and frequency shifts. This fact 
has not been observed previously because the earlier authors had not worked 
with such high concentrations. From a qualitative study of the solid and 
solutions, evidence has been obtained for the progressive dissociation of the 
acid. The results show that the dissociation is incomplete even at con- 
centrations of 0-5N. Suggestions have also been put forward that the acid 
is polymerised in the solutions to an appreciable extent, the polymerisation 
decreasing with dilution. 

The spectra of the iodates give in general two lines which are identified 
with the two possible parallel oscillations of the pyramidal form of the mole- 
cules of the AX, type and in the case of lithium iodate and iodic acid two . 
mote lines are obtained corresponding to the two perpendicular oscillations. 
The main parallel vibrations of the radical are split up into components in 
all the iodates including iodic acid, the relative shifts and intensities being 
different from compound to compound, the number of components being 
four in the case of v, and two or three in the case of v.. The splitting of the 
vibration with the frequency v, has been explained as partly due to the 
positional degeneracy pointed out by Hund and Dennison and as partly due 
to the accidental degeneracy, v,=-v2+v,. The shift and the relative in- 
tensities of these components are also shown to be induenced by the metal 
ion. The shift of the intense line in the solution depends to some extent 
on the cation, on concentration and on’ temperature. 


A large number of low frequency oscillations has also been obtained in 
the crystals of iodic acid. Two such oscillations occur in the lithium 
iodate and only one in potassium iodate crystals. An explanation of these 
lines is briefly suggested. 


Potassium bi-iodate crystal has given a spectrum somewhat similar to 
that of iodic acid. The presence of a new line in its spectrum indicates the 
existence of I,0,” ions. The existence of a band in the spectrum of the solid 
is very significant. The solution of this salt behaves as if it were only a 
mixture of HIO, and KIO . 
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1. Introduction. 


So much importance attaches to the precise measurement and interpreta- 
tion of the degree of depolarisation of scattered light—be it in Tyndall, 
Rayleigh or Raman scattering—that no apology is needed for a paper deal- 
ing with a somewhat difficult point arising in the technique of such measure- 
ments, namely, the errors due to the lack of parallelism in the rays of light 
entering the medium and scattered by it. In practice it is not possible to 
realise the theoretical ideal of the illumination of the medium by a beam of 
parallel rays, and the examination of the scattered light in a direction strictly 
transverse to the latter. The comparatively feeble intensity of the scattered 
light usually entails the use of a source of finite dimensions and of a lens 
to concentrate the beam of light during its passage through the medium. 
In consequence the rays of light are neither parallel among themselves, nor 
strictly perpendicular to the direction of observation, and errors arise which 
may assume great importance when considering relatively small depolari- 
sations. 

There has been considerable divergence of opinion regarding the magni- 
tude of the errors arising in the manner referred to above, and particularly 
in the case when an illuminating lens of large aperture is used to focus an 
image of the source of light within the medium at the point of observation. 
It is obvious that the rays starting from a given point on the source and 
reaching the conjugate point in the focal plane are optically coherent with 
each other. Dr. I. Ramakrishna Rao! took this coherence into account 
and claimed that no correction is necessary to the observed value of the 
depolarisation on account of the finite aperture of the lens provided the 
measurements are made precisely at the focus. Onthe other hand Gans? 
assumed the rays meeting at the focus to be incoherent—an assumption 





1 I. R. Rao, Ind. Journ. Phys., 1927, 2, 72. 
2 R. Gans, Physik. Zeits., 1927, 28, 661. 
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obviously not justifiable—and derivéd the formula 
p=p,+sin? 9 =p, + . 
where p,= depolarisation with parallel unpolarised light 
and p = observed value of the depolarisation when the incident beam 
has a semi-convergence @. 

Cabannes® has discussed these rival views in his book and attempted to 
reconcile them, but the question has remained unsettled and somewhat 
obscure. 

2. Case of two Intersecting Parallel Beams. 

To elucidate the points at issue it is desirable to treat at first a relatively 
simple case. 

Consider a pair of parallel, coplanar, plane polarised beams crossing each 
other at an angle 20. Let the electric vector in the beams be in the plane 
of the paper which is supposed to be the xy-plane. The region over which 
the two beams are superposed will be an interference field, the interference 
maxima and minima being bands parallel to the x-axis, occurring with a 


regular periodicity ii a" 











Fie. 1. 


At the interference maxima (represented by thick lines in the figure), the 
x-components of the electric intensity annul each other so that the resultant 
electric vector is vertical, while the interference minima (represented by 
dotted lines in the figure) are places where the resultant vibration is parallel 





3 J. Cabannes, La Diffusion Moleculaire de la Lumiere. 
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to the axis of x. If the region of overlapping is occupied by molecules 
of a gas which scatter light in the usual way, and if one were to make obser- 
vations in a direction perpendicular to the plane of the paper, the depolarisa- 
tion observed along the interference maxima will be the correct value, while at the: 
interference minima, the electric vector being horizontal the depolarisation ratio 
will be reversed. Let it now be assumed that on account of some reason, such 
as for instance, the lack of monochromatism in the interfering beams or 
the excessive closeness of the interference bands, that it is not possible 
to concentrate attention on the individual interference maxima. The 
depolarisation measured in the usual way in such circumstances would be 
that averaged over the whole field, due regard being had to the intensity, 
and would thus differ from the correct value. 

At any point (x, y) in the interference field where the relative retarda- 
tion between the interfering beams is = 2 y sin 0, the components of the 
electric intensity are given by 

E,= 2Fsin@. sin (kysin @) sink (vt+y sin @). 


E,= 2E cos @. cos (kysin @) cos k (vt+y sin 6). ha »ob ee 
E,= 0 } 
2a 
where k = T 


The time mean square of the components of the electric moment induced 
in a molecule situated at x, y are given by the equations* 
px = (A — B) E,? + B(E,? + E,? + “24 

py = (A — B)E,? + B(E,? + 

pe = (A — B) EB? + B (E,? + 


ty 
>I 

t 

— 


(2) 





By + 
Ey + 
where A = > 2 g;*+ Ld 2 £182 

5 ' 15 


and B= (Zgit—Z e182) 
£,» 8» &s, being the principal polarisabilities of the molecule. 

The components of the intensity of the scattered radiation polarised 
parallel to the x, y and z directions will be obtained by integrating (2) over 
the entire field. If we call these components P,?, P,}, P,5, then the depolari- 
sation for observation in a direction perpendicular to the plane of the paper 
is given by 





rg 


2 A sin2@é + Bcos?6 
& = = 4. 62 ee ee 3 
a B sin?@ + A cos26 Po (3) 


where p, is the depolarisation when 6 =-0. 








p= 


aS) 





4 R. Gans, Loc. cit. 
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The same result follows if the two beams are considered as incoherent 

and if we adopt the procedure of Gans. 
3. Lens with Square Aperture. 

We shall next consider the case in which a lens of focal length flimited by 
a square aperture of edge a is used to concentrate the light on the medium. 

Let the plane of the aperture be the xy-plane and let the direction of 
propagation be the z-axis. Let the incident light before its passage through 
the lens be polarised with the electric vector parallel to the axis of x, and 
let the vibrations be given by E cos vt. 

The components of the electric intensity at any point in the focal plane 
whose co-ordinates are { and 7» due to an element dx dy of the aperture whose 
co-ordinates are x, y, z are given by® 


Ey = — j7 Ecos ¢. sink (ot — f+ mE GPt) ae ay | 

Ey, = 0 (4) 
Ree oe pg wht ‘4 

KE, = Yi E sing. sink (w f aor) dx dy 


where ¢ is the inclination of the electric vector in the ray from the element 
with the axis of x. 
As a first approximation we may put 
cos¢ = 1 and sin ¢ = bd 
The components of the electric intensity at M due to the whole aperture 
are obtained by integrating (4) over the entire aperture. They are 











E, = — ris sin k (vt — f) [= ; ss *| 
i = 0 7 (5) 
E a sin v] [sin uw cos u 
E, = — jp F cos k wt — f). [ ][ < | 
indie v u* u 
a= wae _ 7 
where 4 = fA and v = 5 


Substituting these values of E,, E,, E,, in equations (2) of the preceding 


section, and following the same treatment we get, after putting 7 = 20 


+00 ge — 
Pi= [f/f (AE? + BE)dldyn= } Ea? (A + BO] 


+co 
Pi = [f/f (BE? + B ESA)dldy = 3 E’a? (B + BYO?] .. (6) 








oo — aos 
P2 = I [ (BES + A E2)ddn = 4 FRa®[B + AO? | 





5 See Lord Rayleigh, Scientific Papers, Vol. UI, p. 80. 
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From these it follows that the depolarisation of the light scattered in the 
direction Oy is given by 


SiN 
_ Zz 
Pos T= poy + 40 .. ‘ F - aw 


where p,, is the value of p, for 6 =0. 
If observations are made in the direction Ox, we have 


oe 1 
=—_—- =] + —_— 62 ~* ee ee ee 8 
PA P,’ oe * (8) 


If the incident light is unpolarised, it is easily seen that the depolarisation 
of the transversely scattered light is given by 
Pu Ping + 90" we ie sa es n'a 
From (7) and (9) it follows that so far as convergence error is concerned, 
no advantage is gained by using light polarised with the electric vector 
vertical in place of unpolarised light, since p,, is nearly half of p,,. From 
(8) we see that when the incident light is polarised with the electric vector 
horizontal, the effect of convergence is to make the horizontal component 
appear brighter than the vertical and this effect becomes all the more striking 
when the value of the depolarisation is very small. Formule (7), (8) and 
(9) also follow readily if the incident beam is treated as incoherent, and if 
we adopt the method of Gans. What actually takes place is that the finite 
width of the source such as the sun, for instance, produces a mixing up of the 
diffraction patterns due to the different points of the source so that the ulti- 
mate effect is the same as though the rays from any single point are incoherent. 


4. Lens with Circular Aperture. 


We now go to consider the case of greater practical interest and impor- 
tance, namely, the case in which the condensing lens is limited by a circular 


aperture of radius R. 
We follow the treatment already given for the square aperture. Putting 


ee _ p and -. q, and noting that the form of the aperture is sym- 


metrical with respect to the axes of x and y, the expressions for the electric 
intensity at any point in the focal plane may be written in the form 
E, = — ¥ sin k (vt— f) J [cos px cos gy dx dy 
E, = 0 -- (10) 
E d 
E, Af? cos k (vt — f) s | / Sos px cos gy dx dy 
When the convergence of the incident beam is not too great, it is justi- 
fiable as a first approximation to assume that the x-component of the electric 
intensity is symmetrical with respect to the focal point p=0, g=0. It is 
thus sufficient to determine E., along the axis of #, and so the integral in (10) 
A3 F 


I 
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reduces to the usual diffraction integral in the case of the circular aperture, 
We thus obtain for the time mean square of E,, E, and E, 




















2rRr\ ]2 
E 2 = _F mR? hh a) 
a 2A" f? 27Rr 
oe fk 
E,? = 0 \ (11) 
mRr 2 

aca 2h 2m A 
~” oF fie “Cay [ 

a) ) 


where 7 is the distance of the point in the focal plane under consideration 
from the focus p=0, g=0. 
It is — shown that 


LD 3 atin = Benen Oe Ji? ( dz =e mR? »« (12) 
and 


= oJ 1326 (dz = = aR .. (13) 


-+-co 
SI Eddy = 


where z = i and @ = 


oa “e 


Proceeding to find Pp? and P,?, as in the case of the square aperture 
we obtain, 

Pv si Pup + 40? 1 

pr = 1+ Z, 40° 

vo 
Pu Puy - 40? 
The last of the results (14) has been worked out by Gans using the idea 

of incoherence, while the first two which relate to the cases in which the 
incident light is plane-polarised can be obtained by adopting the same pro- 
cedure. The significance of (14) has been already explained in section (3). 


5. Remarks on the Foregoing Results. 


. (14) 


ll 


The above investigation relates to the focal plane and assumes that the 
lens is uniformly illuminated and that every part of the aperture is equally 
effective at any given point in the focal plane where there is any appreciable 
intensity. ‘This requires the use of a lens which is optically perfect. Whether 
it is so or not can be determined by the well-known knife-edge test. Sun- 
light reflected by a heliostat is allowed to illumine the entire aperture of the 
lens, and the rays diverging from the focus are allowed to fall on a distant 
screen. A sharp razor-blade is slowly made to advance through the focal 
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plane and the illumination of the circular patch of light on the screen is 
watched. If the lens is optically good, the illumination of the entire area 
fades off quite regularly and uniformly, so that by merely looking at the 
screen it is impossible to find out from which side the knife-edge is cutting 
across. Actual experiment with a high-class photographic lens shows that 
even for a quite appreciable distance on either side of the focal plane, the 
knife-edge test gives the same result, and within this region, the theoretical 
results as regards the magnitude of the convergence correction would be 
expected to be very nearly valid. As the extent of this region is quite com- 
patable with the dimensions of the track over which one concentrates in prac- 
tice in depolarisation work, the theoretical correction can be safely applied to 
the observed value so long as the lens used in the experiment is optically good, 
and observations are restricted to the vicinity of the focus. When we de- 
viate far too much from the focal plane, the knife-edge test reveals a decided 
asymmetry in the illumination at any point, which is shown by the definite 
appearance of the shadow of the knife-edge marching across the illuminated 
area on the screen. Under such circumstances the validity of the theoretical 
treatment would no longer hold good, and the magnitude of the correction 
at any point will depend upon whether it receives illumination from the 
central or marginal portions of the lens. The actual correction will be smaller 
than the theoretical value in the former case, and larger in the latter, and 
the observed depolarisation of the transversely scattered light will thus vary 
from point to point within the visible track of the illuminating beam within 
the medium. 


So far the necessity for the use of an optically perfect lens has been 
stressed as a necessary consequence of the theoretical considerations, and 
this evidently implies that it is also of the highest importance to have the 
rest of the optical parts as perfect as possible. If sunlight is employed for 
depolarisation work, it is essential to use a good heliostat mirror to reflect 
the light into the observation chamber. To avoid distortion of the incident 
beam as it enters the vessel containing the scattering medium, it is essential 
to use a flat window. The use of a bulb is highly unsatisfactory in this 
respect. It is desirable also that the window through which the scattered 
track is viewed should be free from optical defects. 

6. Some Experimental Results. 

It has been already remarked that the convergence error becomes very 
important when the genuine depolarisation of the substance under investi- 
gation is very small. This at once suggests that gases and vapours of small 
depolarisation as well as liquids and liquid mixtures near the critical point 
are the media in which the depolarisation would be expected to be most 
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susceptible to the change in convergence of the incident beam. From a 
practical point of view, however, the intensity of scattering is a very im- 
portant factor in the experimental investigation of the question, since the 
accurate determination of the depolarisation over a wide range of convergence 
is feasible only if the intensity of scattering is relatively large. 

(a) Gases.—Isobutane seemed to be favourable in the case of gases, 
as its depolarisation is very small, while the scattering is at the same time 
relatively intense. The gas was taken from a cylinder supplied by the 
Ohio Chemical Works, and was guaranteed to be 99% pure. The depolari- 
sation was determined independently using two different arrangements. 


(1) The gas was contained in a pear-shaped bulb of the type used by 
Ramanathan and I. R. Rao in their investigations, but with the addition 
of a projecting tube with flat window on the observation end. Sunlight 
reflected by a Foucault heliostat was concentrated at the centre of the bulb 
using a high class condensing lens in combination with an adjustable iris 
diaphragm, and the depolarisation of the transversely scattered light was 
measured in the usual way. The angle of convergence of the incident beam 
was determined by measuring the diameter of the illuminated area on a 
screen placed at a distance of one metre from the focus. The results are 


given in the table below :— 
TABLE I. 





| 
| Observed 


Convergence of the! value of the 
incident beam = 20) depolarisa- | = 


Correction Corrected value of the 
4 SORES Rien 0? 
depolarisation = Puo=Pu—— 


bol 





tion = p, | | 
| | 
Deg. Radian 
29° 48’ =0-+520 4-04%, 3+38%, 0-66% 
19° 48’ =0+346 2.27%, 1-45%, 0-82%, 
9° 54’ =0-173 1:06%, 0-37 %, 0-69% 














Mean value=0-72%, 

The values in the last column show that, in spite of the large value of 
the observed depolarisation when the convergence of the incident beam is 
large, the corrected value comes out to be very nearly the same as that for 
small values of convergence. 

(2) The gas was contained in a cross made of pyrex glass with fused-on 
end plates and suitable diaphragms. A Dallmeyer photographic lens of 
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focal length 1 foot and adjustable aperture was used for concentrating the 
sunlight at the centre of the cross. The optics of the whole arrangement 
was thus much superior to that used in the first case. The results are re- 


corded in the table below. 
TABLE II. 





Aperture Pu Puy =Px — 


ro D> 
ts 


ro| ZS 





F/5°6 0-83% |0°4% 0-43 %, 


| 
Mean value=0.46% 

The difference in the values of the depolarisation measured with the 
bulb and with the cross, emphasises the necessity for the perfection of the 
optical parts used in depolarisation work. 

(b) Ligquids.—A critical mixture of methyl alcohol and hexane distilled 
and sealed in a spherical bulb was found to be specially suited for the study 
of the convergence correction in the case of liquids, because of the close 
proximity of its critical temperature (29° C.) to the room temperature. The 
mixture was warmed just above the critical point of complete miscibility 
and was placed in the path of the incident beam in such a way that the centre 
of the bulb coincided with the focus. The use of a spherical bulb as stated 
above eliminates the alteration in the convergence of the track which would 
otherwise require to be considered. The observed and corrected values of 
the depolarisation are given below. 


TABLE ITI. 





F/11 0-58% |0-1% 0-48%, 











ro} 
a 
to 


Puy =Pu— 2 





Deg. Radian 
28° 20’ =0-4945 3°34% | 3-05% 0:29% 
18° 11’ =0-3173 1-49%, | 1-26% 0-23% 


4° 35’ =0-08 044% | 0-08% | 0-36% 














Mean value=0:29% 
The observation of the Tyndall cone through a nicol in the case of 
the liquid mixture reveals certain interesting features which illustrate the 
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theoretical discussion contained in section (5). Using an incident beam of large 
convergence, when the nicol through which the transversely scattered light 
is viewed is rotated so as to transmit only the horizontal component, one 
finds a dark region in the middle of the Tyndall cone on either side of the 
focus, while the margins appear as a pair of bright streamers (Fig. 3 in the 
Plate). A slight rotation of the nicol either way makes the luminous cone 
asymmetric, the intensity fading off rapidly from one edge to the other (Figs. 
2 and 4in the Plate). The explanation for these appearances is almost self- 
evident in view of what has been stated in section (5). Fig. 3 in the Plate 
brings out in a picturesque fashion the whole mechanism of the convergence 
error. The dark centre shows how the genuine depolarisation is exceedingly 
small, and how the greater part of the illumination observed at the focus is 
contributed by the marginal portions of the lens. 

In conclusion, it is my greatest pleasure to record my respectful thanks 
to Professor Sir C. V. Raman, for suggesting the present investigation, and 
for much valuable guidance and criticism in the course of the work. 

7. Summary. 


The scattering of light in an interference field is discussed, and it is 
shown that for the simple case of two parallel plane-polarised intersecting 
beams, the depolarisation at the interference maxima gives the correct value, 
while at the interference minima the depolarisation ratio is reversed. The 
average of the depolarisation taken over the whole field is higher than the 
correct value. The treatment is extended to the cases in which a lens covered 
with a square aperture, and with a circular aperture, respectively, is used 
to concentrate the light on the scattering medium. It is shown that the 
observed values of the depolarisation would deviate from the genuine values 
by a correction factor which involves the square of the angle of convergence. 
The observed depolarisation p is given by 

Pu = Puy + a6? 

pr = 1+ PJ af? 

vo 

Pu = Pup + 206? 
where a has the value } for a square aperture, and } for a circular one. The 
subscripts v, h, u refer to the cases in which the incident light has its electric 
vector vertical, horizontal and is unpolarised respectively. It is pointed 
out that the same results follow by treating the incident beam as a bundle 
of incoherent rays. Some consequences of the theoretical results are dis- 
cussed and the necessity for the perfection of the optical parts used in de- 
polarisation work is emphasised. Experimental results are given which 
illustrate the points discussed in the paper. 
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1. Introduction. 


It is common knowledge that diamond is spontaneously transformed to 
graphite or black carbon at high temperatures. There have been many 
investigations to find out whether the transformed substance is really graphite 
or contains any other modification of carbon and to determine the exact 
temperature of transformation of diamond. ‘That the transformed substance 
consists of minute crystals of graphite has been established by two Hungarian 
investigators Emerich Szarvasy and Béla Lanyi.1 They found that the 
transformation was rapid at 1760° C. but unchanged diamond was still pre- 
sent. On RGntgen examination, they found that the relative intensities 
of the stronger graphite lines are the same in natural or artificial Acheson 
graphite and in graphite formed from diamond by graphitization. The 
size of the sub-microscopic crystals of graphite formed froin diamond at 
2000° C. was about the same as those of graphite produced from methane. 
G. Friedel and G. Ribaud? who have studied the weak birefringence in 
diamond have also studied the transformation of diamond to graphite and 
they find the temperature of transformation to be 1885°C. P. Libeau and 
M. Picon® have also studied the transformation with their technique of 
high temperature heating and they place the temperature of the rapid trans- 
formation at about 2000°C. At lower temperatures they find that the 
transformed substance consists not only of graphite but also of black diamond 
which gives the same X-ray pattern‘ as diamond itself. M.de Kay Thompson 
and P. K. Frdlich® have also studied the conversion of diamond to graphite 





1 Emerich Szarvasy and Béla Lanyi, Math. Naturw. Anz. Ungar. Akad. Wiss., 1931, 
48, 137. 

° G. Friedel and G. Ribaud, Comptes Rendus, 1924, 178, 1126. 

3 P, Libeau and M. Picon, Comptes Rendus, 1924, 179, 1059. 

* W. Gerlach, Zeit. f. Anorg. und Alg. Chemie, 1924, 137, 331. 

5 M. de Kay Thompson and Per K. Frélich, Trans. Amer. Electro-chem. Soc., 1923, 
43, 161. 
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at various temperatures for various times of heating confirming that the 
transformed substance is graphite by Brodie’s Test. They place the temper- 
ature of slow transformation at 1650° C. and rapid transformation at 1750° C. 
and remark that diamonds turn black at 1200°C. due to the numerous 
cracks causing the absorption of light by total reflection. If this explanation 
is genuine, it seems to offer also an explanation for the blackening noticed 
by P. Libeau and M. Picon at such temperatures. The conclusion of Vogel 
and Tamman® who have studied the conversion of diamond, that diamond 
starts converting to graphite at 1000°C. appears to require modification 
in the light of the remark of M. de Kay Thompson and P. K. Frolich. There 
are many others who have studied the transformation from the time of 
Francis I who burnt a portion of diamond at the focus of a large concave 
mirror. Among them are Jacquelain,’ v. Schrotter,* Moisson,® Rose?® and 
Hon. C. A. Parsons and A. A. C. Swinton.” 

The purpose of this paper is to explain as to how the graphite structure 
can be derived from that of diamond by a simple transformation and also 
to calculate the temperature at which diamond transforms to graphite. ‘The 
calculated temperature is in satisfactory agreement with the experimental 
determinations. The ideas followed up here seem to be not very special 
to the diamond-graphite transformation itself but can have extensions for 
similar types of transformation of other substances. 


2. The Diamond-Graphite Transformation. 


It has been shown by X-ray analysis that the diamond structure! ° is 
made up of two cubic face-centred lattices interpenetrating one another in 
a manner such that an atom of one lattice is equally nearest to four atoms 
of the other lattice, the C-C distance being 1-54 A and the edge of the unit 
cubic cell being 3-56 A. Bernal,!4 Hassel and Mark" and others have shown 
that the graphite structure is made up of series of parallel plane equidistant 
layers of carbon atoms and that each layer is a hexagonal net of atoms such 
that half the atoms in a layer lie directly along the lines parallel to the c-axis 
through half the atoms of both the adjacent layers and the other half lie along 











6 R. Vogel and G. Tamman, Zeit. f. Phy. Chemie, 1910, 69, 598. 

7 Jacquelain, Ann. d. Chim. et Phy., 1847, 20, 468. 

8 A. R. v. Schrétter, Sitsungsber. Akad. Wiss. (Wien), 1871, 63, 465. 

® H. Moisson, The Electric Furnace; Comptes Rendus, 1893, 117, 423. 

10 G. Rose, Monatsber. Berliner Akad., 1872, p. 685. 

11 Hon. C. A. Parsons and A. A. C. Swinton, Proc. Roy. Soc. (A), 1907, 80, 184. 
12 W.H. Bragg and W. L. Bragg, Proc. Roy. Soc. (A), 1913, 89, 27. 

13 W. Ehrenberg, Zeit. f. Kristall., 1926, 63, 320. 

14 J, D. Bernal, Proc. Roy. Soc. (A), 1924, 106, 749. 
15 OQ. Hassel and H. Mark, Zeit. f. Phy., 1924, 25, 317. 
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the lines parallel to the c-axis through the centres of the hexagons of the 
adjacent layers, the C-C distance being 1-424 and the distance between 
the layers being 3-41 A. Knowing the above structures of diamond and 
graphite, one can now raise a very natural and important question as to how 
we can derive the graphite structure from the diamond structure. In the 
following we have proposed a solution for the above question and have 
calculated the temperature at which diamond converts to graphite, which 
agrees well with the experimental determinations of the said temperature. 


In Part I,!* it has been pointed out by the author that the vibration 
of the two cubic face-centred lattices of diamond is Raman-active but infra- 
red inactive and that it has the frequency 1332cm.! We now seek the 
origin for the conversion of diamond to graphite in the above vibration 
which is triply degenerate. When the temperature of the crystal is raised 
or when its internal energy is increased, the amplitude of the vibration in- 
creases. At a definite increase of the amplitude, we will show in the follow- 
ing that the instability of diamond sets in. We will first give the purely 
geometrical aspect of the problem and then present its physical aspect in 
which we have followed a method for calculating the temperature at which 
the lattice vibration is of sufficient amplitude to favour the diamond-graphite 
transformation. 


3. The Geometrical Aspect of the Transformation. 


Tn the following we will show that the diamond structure can be trans- 
formed to a graphite-like structure by the following elementary operations:-- 
(a) A definite displacement of the two cubic face-centred lattices of 
diamond relative to one another along a particular direction 
(Figs. 1 and 2). 
(b) A definite homogeneous dilatation of the whole crystal along 
the same direction (Fig. 3). 
(c) A definite homogeneous gliding of the planes obtained by the 
above two transformations perpendicular to the same direction 
(Fig. 4.) 

(a) If we displace the two cubic face-centred lattices of diamond relative 
to one another along a diagonal of the unit cubic cell by 1/12 the length of 
the diagonal or increase the length of the C-C bonds parallel to the diagonal 
by a third of it, we get a structure which resembles apparently the graphite 
structure and which we call it as the a-pseudo-graphite structure. The 
following are its properties:—- 





16 N.S. Nagendra Nath, Proc. Ind. Akad. Sci. (A); 1934, 1, 333. 
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Fia. 1—Diamond structure— a-pseudo-graphite structure. 
Fia. 2—a-pseudo-graphite structure. 
Fie. 3 —B-pseudo-graphite structure. 














B-pseudo-graphite structure. Graphite structure. 
Fig. 4. 


(1) The a-pseudo-graphite structure is similar to the graphite structure 
in that it is made up of equidistant parallel plane layers of carbon atoms, 
each layer being a hexagonal net. But half the atoms in a layer A are 
directly along the normals to the planes through half the atoms of only one 
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of the adjacent layers B and the same set of half the atoms in A are directly 
along the normals to the planes through the centres of the hexagons of the 
remaining adjacent layer C ; the remaining set of half the atoms in the layer 
A will be directly along the normals to the planes through half the atoms 
in the layer C and the same atoms in A will be directly along the normals | 
through the centres of the hexagons in B. 

(2) Assuming the C-C distance in diamond to be 1-54 A, we can easily 
calculate the C-C distance in a plane of the a-pseudo-graphite structure. 
It is 1-54 sin [cos (—4) ] A=1-54x2 V7} A=1-45A4. This agrees pretty 
closely with 1-42 A in graphite determined by X-ray analysis. 

(3) The distance between the plane layers in the a-pseudo-graphite 
structure is (1-54+1-54/3) A or 2-05 A while it is 3-41 A in graphite. 

(b) This transformation is only a simple homogeneous dilatation of 
the a-pseudo-graphite structure along a normal to its planes by the ratio 
3-41/2-05 or 1-66. We will call the transformed structure after the above 
operation as the 8-pseudo-graphite structure which is practically identical 
with the graphite structure in the C-C distance, the distance between the 
layers and the structure of atoms in each layer except the symmetry of the 
planes taken as a whole. For example, every plane is a plane of reflection 
in the case of the graphite structure while it is not so in the case of the a- or 
8-pseudo-graphite structures. The next process to be described consists 
in transforming the B-pseudo-graphite structure into the graphite structure. 

(c) The successive plane layers in the f-graphite structure may be 
symbolically represented by 


A aC ABC 
and those in graphite may be represented by 
ABSsAsa A B 


where all the atoms in any of the planes A, B, C cannot he superposed on 
the atoms of any one of the remaining by the motion of the plane along a 
normal to the parallel planes. This is obvious in virtue of the property 
(1) in (a). 

The required transformation of the £-graphite structure to the graphite 
structure is accomplished by considering a particular kind of gliding motion 
of the planes of the f-graphite structure. It consists in moving all the planes 
along a C-C direction lying in the planes with two adjacent planes as a rigid 
unit such that an unit suffers relative displacements with its adjacent units, 
which are equal in magnitude to the C-C distance but are opposite in sign. 
A clear pictorial representation of the transformation is given in the preced- 
ing figures. 
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4. The Physical Aspect of the Transformation. 
It is clear from the above that there exists a simple continuous process 
by which we can derive the graphite structure from that of diamond. We 
shall now discuss its bearing on the physical aspect of the transformation. 


We know that both diamond and graphite are normally stable substances, 
The stability of a crystal implies that the energy of the normal configuration 
is a minimum for all infinitesimal displacements of the lattice. With this 
idea in view, let us now discuss the course of the energy curve during the 
diamond-graphite transformation. While discussing it, we ignore the forces 
between the layers in graphite as they are, we hope, exceedingly feeble compared 
to the valence forces in the planes. As the process starts from diamond, the 
energy of the lattice increases in accordance with the fact that the energy 
of normal diamond is minimum for all infinitesimal displacements of the 
lattice. Similarly, starting from graphite to diamond the energy of the 
lattice also increases. As the process under consideration is a continuous 
one, the above means the existezice of at least one stage at which the energy 
of the lattice is maximum, ?.e., a stage at which the energy of the lattice no 
longer increases either from the diamond side or the graphite side. But 
there cannot be more than one such stage or else it would imply the existence 
of minima of energy or of stable configurations in betwee: the maxima 
distinct from those of diamond or graphite which seems to b« lighly physi- 
cally improbable. In other words, the above considerations mean that there 
exists a single finite potential barrier between the diamond and the graphite 
states. We will call the stage of the lattice having the energy of the peak 
of the barrier as the a-stage. 

If we now increase the thermal energy of diamond which is exhibited 
as the vibrational energy of its atoms, to such an extent that it will have the 
energy of the a-stage, the immediate instability of diamond will set in. 
Since diamond requires a definite temperature to possess a definite heat 
content from the thermal point of view, we can calculate the temperature 
at which diamond becomes unstable if we know the energy of the lattice 
at the a-stage. 

The next question will be as to how to plot the energy curve during 
the process of transformation quantitatively. It appears to be exceedingly 
difficult to give even a fairly reasonable answer to this question. But we 
make here an approximation which will not be perhaps far from the truth. 
We know from molecular spectra that the course of the potential energy 
curve of a diatomic molecule is given for a fair approximation by a Morse 
function. In the case of diamond, we will assume a Morse function charac- 
terised by the constants D and a for all the chemical bonds in it. As the 
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Morse function is generally valid for fairly large variations of the internuclear 
distance of a diatomic molecule, we can assume the Morse function of the 
C-C bonds in diamond to be valid so long as diamond is stable. ‘That is, 
the Morse function of the C-C bonds in diamond may be regarded as valid 
till the a-stage. To get an approximate function for the energy curve 
between the a-stage and the graphite state, we think of the transformation 
of the graphite structure to that of diamond. Regarding the C-C bonds 
in the layers of graphite to be all identical in character so far as our calcula- 
tions are concerned here, we assume a Morse function characterised by the 
constants 1’ and a’ for all the C-C bonds in graphite and also assume that 
it is valid between the graphite state and the a-stage. One may say that 
our approximation is weak in this case for we have ignored the forces between 
the layers. It is no doubt a defect, but it is one which cannot be remedied 
immediately and justifiably. However, we believe a part of the defect is 
compensated for in our assumption that the C-C bonds in the planes of the 
graphite structure will have the same character till the a-stage instead of 
the fact that there is a gradual weakening of the C-C bonds in the planes 
and the gradual appearance of the C-C bonds perpendicular to the planes. 

The dissociation energy D of a normal C-C bond!’ is 72-6 K. cal./gm. 
mol. We know from the data on the Raman spectra of organic compounds 
that the force constant of the C-C bond is in the neighbourhood of about 
4105 dyn./cm., the expression for the force constant from the Morse for- 
mula being 2Da?/N. From this, it follows that a is = 2x108. Now we 
can regard the dissociation energy of a C-C bond in graphite to be 14 times 
that in diamond for it is observed by Roth!® and his collaborators that the 
heats of combustion of diamond and graphite are practically identical. So 
D’ is 96-8 K.cal./gm. mol. We now assume that the force constant of a 
C-C bond in graphite is about 1} times that in diamond. ‘To this assump- 
tion, we attach no physical significance whatsoever; we are only aiming 
at an approximate value of the force constant of a C-C bond in graphite. 
With this assumption a’ = 2 x 10°. 

Let 7’ be the internuclear distance of the C-C bonds parallel to the line 
of displacement and 7 be the internuclear distance of the other C-C bonds 





17 K, Fajans, Ber. der Deut. Chem. Ges., 1920, 53, 643; 1922, 55, 2826. 
Prof. K. Fajans gives the values 75 K.cal./gm. mol. and 100K. cal./gm. mol. for 
D and D’ respectively. The value 72-6 K.cal./gm. mol. for D has been taken from the 
work of Prof. E. Hiickel. This difference does not affect our calculations in this paper to 
any appreciable extent. 
18 W. A. Roth and H. Wallasch, Ber. der Deut. Chem. Ges., 1913, 46 (1), 896. 
W. A. Roth, Zeit. f. Electrochem., 1915, 21, 3. 
W. A. Roth and G. Naeser, Zeit. f. Electrochem., 1925, 31, 461. 
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equally inclined to the line of displacement. As we proceed from the diamond 
state to the a-stage 7’ is a definite function of 7 as there is only one co-ordi- 
nate during that interval. 

If Ea corresponds to the energy gained by a gram-atom of the diamond 
lattice when it comes to the a-stage, 


—2(r’.— 1-54)) 2 —2(r,— 1-54) ) 2 
Ea = D[ {1-< 2(r'g ~ +3 {ie (ry 1 


f —2(rq— 1-42)) 2 
a jie (%} ‘ (1) 


9 


2 
where 2D and 3D’/2 are the dissociation energies of gram-atoms of diamond 
and graphite respectively and r’s are given in Angstrom units and their 
values at the a-stage are denoted by the subscript a. Solving the equation 
(1), we find 
r'g=1-68A and ra=1-50 A. 
Hence the a-stage in the process of the transformation occurs when the two 
cubic face-centred lattices are displaced apart along a diagonal of the unit 
cell by (1-68 —1-54) A or 0-14 A. We also find 
Ea =2920 cals./gm. atom. 


The potential energy curve of the transformation is drawn in Fig. 5. 
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Fie. 5—The potential energy curve between the diamond and the graphite 
states as a function of r. The initial energy of the diamond 
lattice is taken as zero. 


The above calculations mean that the diamond lattice will only be 
stable if the change in the C-C distance parallel to the line of displacement 
does not exceed 0-14 A. So, if we increase the thermal energy of diamond 
which is exhibited as the vibrational energy of its atoms to such an extent 
that the lattice vibration will have an amplitude of 0-14 A, the instability 








ant sh 


aA 


_e. 


oe! 














The Dynamical Theory of the Diamond Lattice 151 


of diamond will set in. Since the lattice vibration is triply degenerate, the 
maximum heat content of diamond without its being unstable is 29203 
=8760 calories/gm. atom. We make now a calculation of the tempera- 
ture at which the instability of diamond will set in and at which diamond 
will have the maximum heat content. 
Using the Einstein formula for the heat content, we get 
3RO 
exp (9/1) — 
where @ =hv/k, where the frequency v corresponds to the characteristic 
frequency expressed in absolute units. If we assume that the characteristic 
Einstein frequency of diamond has a magnitude equal to the Raman fre- 
quency 1332 cm.-! (in wave numbers), we get 9@=1907. Solving (2), we get 
Ts 2290 A. 
= 2000° C. 
The temperature T may also be calculated by the use of the Nernst-Lindemann 
formula for the heat content of a crystal, which gives satisfactory results 
for the specific heat of diamond at higher temperatures. According to it 
3 e] 0/2 
gR E (O/7) —1 ‘exp (Jor) — | a (3) 
where the value for @ is 1940 as given by Nernst and Lindemann!® themselves. 
Solving the equation (3), we get 
Ts 2110 A. 
= 1850°C. 


These calculations of the temperature at which diamond converts to graphite 
stand in good agreement with the experimental determinations which lie 
between 1650° C. and 1885° C., the temperature of rapid transformation being 
about 1750° C. according to M. de Kay Thompson and P. K. Frélich and 
Emerich Szarvasy and Béla Lanyi. 





| = 8760 (2) 





The author is highly thankful to his professor Sir C. V. Raman for his 
great and helpful interest in this work. 


5. Summary. 


The transformation of the diamond structure to the graphite structure 
is explained in terms of three elementary operations, one of which is a defi- 
nite displacement of the two cubic face-centred lattices of diamond relative 
to one another. It is shown here that for a certain displacement of the 





19 W. Nernst and F. A. Lindemann, Ber. Berliner Akad., 1911, 1, 494; Zeit. f. Electro- 
chem., 1911, 17, 817. 
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component lattices, diamond attains maximum energy of its configuration 
and becomes unstable. The temperature at which diamond becomes un- 
stable and transforms to graphite is calculated and is shown to be in good 
agreement with the experimental determinations. 

The ideas followed up here seem to be not very special to the diamond- 
graphite transformation itself but can have extensions for similar types of 
transformation of other substances. 

Note added in proof.—While this paper was in the Press, two papers by 
W. Lasareff have appeared (Jour. Phys. Chem., 1935, 39, 913; Physica, 
1935, 2, 737) in which he has calculated the dissociation energy of a C-C 
bond in diamond. The value given in Physica is 132 + 3-5 K. cals./mol. for 
D, departing greatly from the values known till now which range between 
70—80 K. cals. Lasareff has argued that a carbon atom in diamond is in 
the (5S) state while a carbon atom in the gaseous state is in the (®P) state 
and that the difference between the energies of these two states has to be 
considered when calculating the dissociation energy of a C-C bond in 
diamond by the help of the data regarding the sublimation heat. However, 
it should be noted that this great change in the dissociation energy of a 
C—C bond does not affect our calculations of Eg, as Da? the coefficient of the 
quadratic term 7” does not vary for it is equal to NK/2 where N is the 
Avogadro number and K is the force constant of the C-C bond whose 
value has been assumed to be & 4105 dyn./em. Thus a change in D with 
the corresponding change in a affects only higher order terms. Thus our 
results should not be affected to a great extent by a change in D. We 
have made calculations of a, a’, ra, #a’ and Eq assuming Lasareff’s value 
for D (D’=4D/3=176 K. cal./mol.). The value of a is 1-48 x 10° cm.* and 
the values of vq and 7q’ are the same old values 1-50A and 1-68A respec- 
tively. Eq would be 3040 cals./gm. atom. It follows from the above that 
T is 2080°C. according to the Einstein formula and that it is &1900°C. 
according to the Nernst-Lindemann formula. These values are again in 
agreement with the experimental determinations. 
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1. Introduction. 


IN a previous communication to these Proceedings,! the author has discussed 
at length the question of the dependence of the observed value of the de- 
polarisation on the finite convergence of the incident beam, when, as is usual 
in dealing with gases and vapours of small depolarisation, a condensing lens 
is employed to concentrate the light on the scattering medium. In view 
of the conclusion arrived at theoretically, and confirmed experimentally that 
the depolarisation of the transversely scattered light measured at the focus is 
definitely higher than the genuine value, the magnitude of the deviation de- 
pending in a perfectly determinate way on the convergence of the incident 
beam, it appeared to be highly important to take up a systematic redeter- 
mination of the depolarisation in the case of a number of gases and vapours 
because of the uncertainty that attaches to the values reported by previous 
experimenters who have partially or totally ignored the correction for the 
convergence of the incident beam. ‘The present paper contains the results 
of the experimental study of more than a dozen gases and vapours. The 
values of the depolarisation show in many cases not only a definite departure 
from those reported by previous workers, but present certain new and 
interesting features which wili be discussed in the course of the paper. 
2. Experimental Technique. 

By far the greater portion of the experimental study of the depolarisa- 
tion of gases and vapours is due to the pioneer work of Lord Rayleigh in 
England, of Cabannes and his co-workers in France, and of Prof. Raman 
and his students at Calcutta. A critical review of the experimental technique 
of the different workers is given in Cabannes’ book.?, While Lord Rayleigh 
and Prof. Raman have employed metallic crosses of large capacity painted 
black inside, with suitable diaphragms to protect against parasitic light, 
Cabannes and his co-workers have mostly used smaller crosses made of glass 





1 R. Ananthakrishnan, Proc. Ind. Acad. Sci., A, 1935, 2, 133. 
2 J. Cabannes, La Diffusion Moleculaire de la Lumiere, 1929. 
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with no diaphragms inside, and painted black externally. Although each 
technique has its own advantages, experience has shown the present author 
that the best arrangement is one in which the advantages of both the above 
modes of experimentation are sought to be combined. ‘l‘owards this end, 
a cross in pyrex glass of over a litre in capacity was made with the following 
approximate dimensions. ‘The tube taken was 4 cms. in diameter, and three 
of the four arms were about 20 cms. in length. The fourth arm opposite 
the observation side was much longer and was drawn out and bent up in 
the shape of a horn to the end of which was attached a pyrex stopcock for 
admission of gas into the cross. Although the use of diaphragms may not 
be very important when the photographic method is adopted for depolari- 
sation measurements, accurate visual photometry is practically impossible 
unless the utmost precautions are taken to avoid parasitic light from entering 
within the field of observation. Suitable diaphragms of oxidised brass were 
therefore put in inside the cross. These diaphragms were made out of short 
lengths of thin brass tube one of the ends being closed by a thin brass plate 
having a central hole of } inch diameter. ‘The surfaces of the diaphragms 
were rendered black by immersing them in an ammoniacal solution of copper 
carbonate. They were then rolled in thin asbestos paper and introduced 
into the arms of the cross. After fixing the positions of the diaphragms 
within the cross by a preliminary experiment, the open ends of the three 
arms were closed by fusing on flat pyrex plates (previously examined between 
crossed nicols for strain) in the way recommended by Martin. The whole 
cross excepting the end windows was painted dull black externally. The 
complete eschewal of all traces of paint from within the cross ensured perfect 
freedom from contamination of the gases and vapours studied. 

The cross was mounted on a stool provided with levelling screws and 
spirit level, and observations were made within a dark cabin into which 
sunlight was reflected by a single mirror Foucault heliostat. A Dallmeyer 
photographic lens of adjustable aperture, and focal length 1 foot fixed to the 
wall of the cabin served to concentrate the sunlight at the centre of the cross. 
The whole arrangement was such as to give an exceedingly nice background 
against which even the faintest tracks could be seen with but little difficulty. 

All the gases were taken directly from commercial cylinders supplied 
by the Ohio Chemical and Manufacturing Co., and were guaranteed a high 
degree of purity." The scheme of the experimental arrangement is shown 
diagrammatically in the figure. The gases were admitted into the cross 
at atmospheric pressure through a tube of anhydrous P.O, and a long plug 


3 W. H. Martin and S. Lehrman, Jour. Phys. Chem., 1922, 26, 76. 
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of compressed cotton wool after evacuating the whole system by means of a 
Cenco Hyvac Pump. Rubber connections were avoided as far as possible 
to minimise leaks, and special care was taken to see that the system was 
perfectly leak-tight before commencing the experiments. Estimates of 
depolarisation were made visually by the usual Cornu method. 

In the case of CCl,, the technique adopted was slightly different. Extra- 
pure CCl,, guaranteed to be free from CS,, was refluxed with freshly distilled 
mercury for several hours and finally distilled at constant boiling point. 
A small quantity of the liquid was introduced into the bulb attached to the 
longer arm of the cross by means of the side tube and the latter was then 
sealed off. ‘The CCl, was frozen in liquid air, and the cross was exhausted 
to the highest vacuum. ‘The stopcock was then closed, and the liquid air 
bath removed. As the CCl, rises up to the room temperature, the vapour 
pressure is quite appreciable to give a scattering of sufficient intensity to 
make accurate measurements. 


3. Adjustments and Sources of Error. 


The accurate estimation of small depolarisation values with which one 
is confronted in the case of the majority of gases and vapours necessitates 
the utmost precautions to safeguard against various sources of error which 
tend to vitiate the observations. Unpolarised light diffused by the back- 
ground is highly detrimental in the case of visual photometry as has been 
already pointed out. ‘The error arising from this source is got rid of by the 
use of suitable diaphragms, and by viewing the two images of the track seen 
through the double image prism against the same background. Hori- 
zontality of the axis of the incident beam is very important, and is secured 
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by setting the cross horizontal with the spirit level. Normality of the direc- 
tion of observation to the axis of the incident track is easily secured when 
the container is cross-shaped. The principal section of the double image 
prism is set vertical by viewing an illuminated plumb line, and rotating the 
prism about a horizontal axis till the two images are entirely superposed. 

The effect of the finite convergence of the incident beam is to enhance 
the value of the depolarisation, and the correction to be applied to the ob- 
served value under this head is given by 67/2, where @ is the semi-angle of 
convergence. It may be remarked that the experimental results of Dr. I. 
Rainakrishna Rao and the later work of Parthasarathy® require correction 
in this direction. 


4. Results. 


The table below gives the experimental results after being corrected 
for the convergence of the incident beam. An aperture of F/5-6 was 
employed in all cases and the correction required for the observed value 
can be easily seen to be 0-4%. 

















Gas % Purity Depolarisation 
Methane es ..| CH, 96-5 0+34%, 
Ethane i CoHg 90 0-50°% 
Propane | C;Hs 99-9 0-66°% 
N. Butane a aad C4Hi0 99 0+85°, 
Isobutane ; co 99 046%, 
H.C 

Cyclopropane Pi me A CH, 99+5 0+52%, 
Propylene es a CsHe 99°5 291% 
Methyl Chloride ‘ ‘| CH;Cl 99°5 1-95%%, 
Ethyl Chloride -- a C2H;Cl 99°35 1-49%, 
Carbon Tetrachloride <a CCl, ay 0-15°% 
Dimethyl Ether --|CH3:O-CH; 99-95 1-20% 
Argon .«. sok eas A 86 0-42%, 
Hydrogen Sulphide ee H.S 99-73 0-30% 
Nitrous Oxide .. Ss N2O 98 12-95%, 

4 7. R. Rao, Ind. Jour. Phys., 1927, 2, 61. 

5 §. Parthasarathy, Jnd. Jour. Phys., 1932, 7, 139. 
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5. Discussion of Results. 


As has been already remarked, the results of the author are, in many 
cases, entirely at variance with those of previous experimenters. 


Methane.—We shall commence with methane, the leading member of 
the paraffin series. ‘The first outstanding result of the investigation is that 
the genuine depolarisation factor of methane is considerably lower than 
what it has been till now assumed to be. While Cabannes gave the value 
1-5% and Parthasarathy 1-12%, the actual value appears to be of the order 
of 0-3%. Considering the fact that the residual impurities in methane are 
most probably some of the higher hydrocarbons whose depolarisation factors 
are quite small, the observed depolarisation of methane seems to be quite 
genuine. ‘Thus, for instance, if we assume that the 3-5% impurity is all 
ethane whose intensity of scattering is roughly thrice as great as that of 
methane, the observed depolarisation of methane will be affected only in 
the second place of decimals. It is not improbable that the source of this 
depolarisation is to be sought for in the existence of depolarised Raman 
scattering. The Raman Spectrum of methane shows an intense line at 
2915 cm.-! corresponding to the total symmetric vibration of the molecule, 
which according to the observations of Bhagavantam® is depolarised to the 
extent of 8°%, but possesses no rotational fine structure. On the other hand, 
the intense band at 3022 cm.-! is highly depolarised to the extent of 80%, 
and shows equispaced rotation lines on either side of it. Stuart’ seems to 
be of opinion that this strongly depolarised vibration band would be res- 
ponsible for a spurious depolarisation of the Rayleigh radiation to the extent 
of 0-1 to 0-5%, when one is working with white light as is usual in depola- 
tisation measurements. Thus, in the present case where sunlight was em- 
ployed, the photographic lens used for focussing the beam transmits the far 
violet end of the spectrum, say up to 3000 A U. and the corresponding 
vibration scattering would fall well within the region of greatest visibility. 
If this view be correct, and a filter be employed which cuts off the entire 
violet and blue regions of the spectrum on the incident side, and another 
which cuts off the entire region beyond the green and yellow be employed on 
the observation side, we should expect the depolarisation of methane not to 
differ from zero. All these considerations lend strong support to the view 
that the Rayleigh scattering in the case of methane is completely polarised. 
This conclusion is in perfect accord with the observation of Bhagavantam,® 





6 S. Bhagavantam, Nature, 1932, 129, 830. 
TH. A. Stuart, Molekulstruktur, 1934, p. 192. 
8 S. Bhagavantam, Nature, 1932, 130, 740, 
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later confirmed by Lewis and Houston,® that even prolonged exposures 
extending over a week fail to bring out any rotation wings for the Rayleigh 
line in the case of methane. The assumption of the anisotropy of the carbon 
atom thus appears to be definitely uncalled for to explain the depolarisation 
of methane. In this connection, a redetermination of the depolarisation 
factor of the total symmetric vibration line would be of great interest, since, as 
has been remarked by Stuart,!° Bhagavantam’s value appears to be too high. 


Higher homologues.—The second important outcome of the experimental 
work is the fact that as we pass from methane to the higher homologues, 
the depolarisation shows a steady increase from 0-34% in the case of methane 
to 0-85°% in the case of normal butane. Cabannes, however, arrived at 
the conclusion that the depolarisation does not change appreciably from one 
member to another, but the conclusion of the author is supported by the 
observations of Parthasarathy." It thus appears that anisotropy is not 
wholly unconnected with the geometric form of the molecule. That this is 
so is again shown by the fact that while normal butane has a depolarisation 
of 0-85%, for isobutane the depolarisation drops down to 00-46%, in con- 
formity with the greater symmetry of the molecule. 

Other hydrocarbons.—Cyclopropane, whose depolarisation does not appear 
to have been measured by any of the previous workers, shows a very small 
value, which is not surprising in view of the known low depolarisation of 
Cyclohexane. Propylene shows a high depolarisation, as would be expected 
on account of the double bond. 

Methyl and Ethyl chlorides—Methyl chloride is definitely more aniso- 
tropic than ethyl chloride, contrary to the observations of Cabannes. The 
large increase in the value of the depolarisation which results from the 
substitution of one atom of hydrogen in methane by an atom of chlorine 
is very significant. While this observation is in qualitative agreement with 
the results of Parthasarathy, it is in total disagreement with those of Cabannes 
who finds very little change between the depolarisation factors of methane 
and methyl chloride. 

Carbon tetrachloride—The depolarisation of the tetrahedral molecules 
has remained for a long time a puzzling and unintelligible problem. For 
CCl,, the depolarisation in the vapour state was estimated to be 0-77% 
by Cabannes, 0-5% by Ramakrishna Rao and 0-62% by Partha- 
sarathy. Stuart™ finds these values to be wholly incompatible with 





9 M. Lewis and W. V. Houston, Phys. Rev., 1933, 44, 903. 
10 H. A. Stuart, loc. cit., p. 329. 

11 S. Parthasarathy, loc. cit. 

2 H. A, Stuart, loc. cit., p. 193. 
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his measurements of the Kerr-constant of CCl, from which he concludes 
that the departure of the molecule from spherical symmetry is imperceptibly 
small, and would not be responsible for a depolarisation of the vapour ex- 
ceeding 0-15%. The author’s result stands in good agreement with this 
value. It should, however, be pointed out that the experimental value 
itself gives only an upper limit for the depolarisation, since in the actual 
measurements, all possible sources of error only tend to enhance the genuine 
value, and also because, here, one is well-nigh at the limit of accuracy in 
depolarisation measurements. As Stuart!® has pointed out, the investiga- 
tion of the fine structure of the Rayleigh line, as well as that of the total 
symmetric vibration Raman line in the case of CCl, vapour, would be of 
extreme interest in this connection. 

It might on first consideration seem conceivable that a small anisotropy 
would be caused in the case of CCl, by the presence in one and the same 
molecule of chlorine isotopes of different masses (35 and 37). However, on 
account of the physical similarity of isotopes with nearly equal masses, the 
magnitude of this anisotropy would appear to be vanishingly small. 


Argon.—The case of argon demands special explanation. In the first 
place, it will be noticed that the sample employed is very impure. The 
most probable impurity appears to be nitrogen and if it be assumed that 
the 14% impurity is all nitrogen, it follows from simple calculation that 
the depolarisation of argon is not sensibly different from zero, as the depolar- 
isation of nitrogen is about 3%, and the relative scattering powers of argon 
and nitrogen are not very different. 

The reality or otherwise of the depolarisation of the rare gases has been 
an unsettled issue. Experimentally, Cabannes appears to have found a 
small depolarisation of 0-5% for argon, krypton and xenon, while for neon 
the upper limit is given as 1%. The case of helium is again very uncertain, 
the upper limit for its depolarisation being given as 6-5% by Lord Rayleigh 
and as 3% by Parthasarathy. [rom the theoretical standpoint these values 
are difficult to comprehend. ‘The ground state of the atoms of the rare 
gases is the 'S state, and theory indicates that the scattered radiation corres- 
ponding to such terms should be linearly polarised. Placzek“ has therefore 
expressed himself as very sceptical of the reality of these depolarisation 
values. ‘he author’s experimental results indicate that the finite depolar- 
isations reported by earlier workers are not trustworthy. However, this 
conclusion is only tentative, and the author hopes, before long, to take up 





13 H. A. Stuart, loc. cit., p. 194. 
14 G, Placzek, Quanten Mechanik der Materie und Strahlung, Teil II, Leipzig, 1934, p. 259, 
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the purification of argon, and a direct experimental test of the anisotropy 
of this gas, as well as of other rare gases, particularly helium. 

Hydrogen sulphide—H,S shows an extremely small depolarisation 
(0-3%) the reality of which however is quite definite. Of the previous 
workers, Ramanathan estimated the depolarisation as 1% and Parthasarathy 
as 0-93%. ‘The depolarisations for other hydride molecules such as HCI, 
HBr, NHsg, etc., as estimated by Parthasarathy are also of the same order 
of magnitude. In view of the author’s low value for H,S, it would seem 
that the other values would also be similarly low. These very low values 
are not difficult to understand, since, as Stuart!® remarks, ‘‘ die Hydrid- 
molekiile HCl, H,O, H,S und NHg, die wir als Pseudoedelgase mit mehreren 
unpolarisierbaren H-Kernen in einer geminsamen Flektronenwolke auffassen 
kénnen, trotzdem sie elektrisch unsymmetrisch sind, d.h. ein elektrisches 
Moment besitzen, einen sehr hohen optischen Symmetriegrad haben’’. 

In conclusion, the author wishes to record his grateful indebtedness 
to Professor Sir C. V. Raman for valuable guidance and suggestions in the 
course of the present work. 

6. Summary. 


It is pointed out that the existing depolarisation data of gases and va- 
pours are gravely defective, and a redetermination of the values has been 
made with improved experimental technique. The results obtained are 
strikingly different from those of previous workers, and afford at the same 
time a natural explanation of many of the existing anomalies. The genuine 
depolarisation of methane appears to be only of the order of 0-39 which is 
in all probability to be attributed to the highly depolarised vibration Raman 
lines. The depolarisation shows a steady increase as one goes to the higher 
members of the homologous series, but the values in all cases are much smaller 
than they were hitherto assumed to be. Cyclopropane shows a very small 
depolarisation in conformity with the known small depolarisation of cyclo- 
hexane, while propylene shows a high value as would be expected from the 
presence of the double bond in it. Methyl chloride is more anisotropic than 
ethyl chloride, and the depolarisation factor of the former is much higher 
than that of methane. Carbon tetrachloride shows an extremely smail 
depolarisation of 0-15°%% which is discussed in detail. It is tentatively con- 
cluded that the depolarisation of argon is nil. The depolarisation of H,S 
is only 0-3%. An explanation is offered for the low depolarisation of the 
hydride molecules in general. 





15 H, A. Stuart, loc. cit., p. 190. 
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1. Introduction. 

IN a previous paper! (hereafter referred to as Part I) a study was made of 
the diamagnetic susceptibilities of liquid mixtures from the point of view 
of additive law. It is shown that magnetic measurements are not sensitive 
to interaction effects, whether between like or unlike molecules, carrying 
high dipole moments. Break-up of association by heating or by the addition 
of foreign molecules does not produce any change in the value of the mass 
susceptibility. In this paper, a study has been made of the influence of 
chemical action on diamagnetism, particularly when hydration is concerned. 

Recently Cabrera and Fahlenbrach*? working with aqueous solutions of 
potassium iodide observed a small but definite change in the susceptibility 
value which they attribute to hydration. They suggest that this change is 
due to the deformation of the ion brought about by hydration. It is with 
the object of verifying whether such small changes could be observed in 
magnetic measurements that a study of the decahydrate of sodium sulphate 
(Na,SO,, 10H,O), both in solution and in the solid state was undertaken. 
This salt commends itself as specially suited for this purpose since, as is 
well known, it decomposes into anhydrous Na,SO, on heating to temperatures 
above 33°C. 

A study of sulphuric acid-water mixtures has also been carried out since 
several hydrates of the acid are known. ‘The fact that this acid (which is an 
electrolyte) gives a change in susceptibility on forming a compound gives 
additional interest to this study. Farquharson® has studied this mixture with 
the Curie-Cheneveau balance. His concentration-susceptibility curve deviates 
considerably from the additive law and abounds in maxima and minima. 

Another mixture which has been studied is acetic acid-water. This is 
one of great importance since evidence regarding the formation of a com- 
pound at equimolecular concentrations is quite definite both from Raman 
effect data and from viscosity measurements. Besides, Sibaiva and 





1 Proc. Ind. Acad. Sci., 1934, 1, 77. 
2 Zeits. f. Phys., 1934, 89, 166, 
3 Phil. Mag., 1931, 12, 283, 
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Venkataramiah‘ have studied the magnetic properties of the liquid mixture 



































and showed that the diamagnetic susceptibility decreased considerably (by 
about 12 per cent.) at equimolecular concentrations. Hence a study of this 
mixture has been made at different temperatures to test whether the compound : 
formation has any effect on susceptibility. If so, a progressive variation i 
must be noted when an equimolecular mixture is heated. Such deviations . 
have not been observed in the present investigation. 
TABLE I. 
Sulphuric acid-water. 0 
S 
Sample I Sample II Sample III . 
sf i ts a 
Percentage of Percentage of Percentage of 
acid by weight X | acid by weight x acid by weight X q 
0-0 0-720 0-0 0-720 0-0 0-720 d 
7-9 0-686 53-5 0-535 5-1 0-700 
21-5 0-628 54-1 0-526 12-3 0-673 
40-7 0-565 59-5 0-510 17-8 | 0-650 
46 +5 0-541 63-1 0-493 29-8 | 0-608 
49-1 0-540 76-9 0-453 32-5 | 0-598 
53-2 0-529 79-4 0-445 44-5 | 0-556 
65-2 0-482 82-9 0-431 58-8 | 0-511 
71-2 0-469 86-5 0-428 63-1 | 0-508 
82+5 0-432 87-3 0-425 66-0 | 0-483 
97-0 0-403 87-6 0-426 69-4 | 0-477 
90-5 0-423 69-8 | 0-474 
93-3 0-416 76-2 | 0-451 
97-0 0-402 94-5 | 0-412 
97-4 | 0-403 
2. Experiment. 
Two methods of determining the susceptibilities were employed. (a) 
Quincke’s method, the details of which are given in Part I and (5) Curie 
method in the special case of sodium sulphate. 
4 Ind. Jour. Phys., 1932, 7, 393. 





5 Full details of the method are given in Proc. Ind, Acad. Sci., 1934, 1, 123. 
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3. Results. 


(a) Sulphuric acid-water—The sulphuric acid used was analytically 
pure and was taken from freshly opened bottles. Three samples were used. 
The densities of the pure acid and the mixtures were determined by weigh- 
ing a clean glass piece suspended by a fine platinum wire, in air, in water 
andin the liquid. Froma knowledge of the density, the concentration of the 
acid could be found from the tables. 

Careful experiments were conducted to test for the presence of iron or 
other ferromagnetic impurities in the acid. A direct chemical test failed to 
show the presence of iron. Further the values of the magnetic susceptibility 
of some mixtures were determined at different field strengths. Results for 
any given mixture gave a constant value showing the absence of any ferro- 
magnetic impurities. 

The mean values obtained for the three samples of sulphuric acid at 
different concentrations are given in Table I. 

Fig. 1 shows the curve between composition and susceptibility. It 
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is observed that there is considerable departure from the additive law, 
Singular points in the composition-susceptibility curve may be taken as 
an indication of an interaction in the system. To find out these singular 
points better, the deviation from the additive law of mixtures has been plotted 
against the corresponding concentration. This has been done in Fig. 2, 
It is seen that the definite formation of hydrates is indicated in the figure, 
these being 2H,SO,, H,O ; H,SO,, H,O; H,SO,, 3H,0; H,SO,, 6H,O and 
H,SO,, 18H,O. One point deserves special mention. The susceptibility 
value corresponding to 2H,SO,, H,O is greater than the additive value while 
the values for the other hydrates are smaller than the corresponding additive 
values. This leads to the definite conclusion that the type of interaction 
in the case of 2H,SO,, H,O is different from that of the other hydrates. 
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It is interesting to compare these results with those of Farquharson. 
His curve shows a flat maximum at 86-89 per cent. which he suggests as 
due to H,SO,, H,O. He obtains alsoa break at the composition correspond- 
ing to H,SO,, 3H,O. Between 0 and 50 per cent. of the acid, he obtains 
several minor maxima and minima for which he does not offer any explana- 
tion. He identifies the decided maximum at 15-1 per cent. as the state 
in which all the ions are free and obtains a value of —39-0 for the suscepti- 
bility of the SO, ion. In the formation of the hydrates H,SO,, H,O and 
H,SO,, 3H,O, Farquharson’s results and those of the present investigation 
agree. Our results show clearly by the aid of Fig. 2 that singular points 
exist at compositions corresponding to a few more hydrates. 
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Attention may be drawn to the evidence available from other properties 
regarding the formation of hydrates.* The freezing point curves are usually 
examined to detect the presence of hydrates. It should however be pointed 
out that while they can be depended upon for solid hydrates separating from 
solutions, nothing can be inferred regarding the presence of these hydrates 
in solution. In fact it has been most conclusively shown that even the 
inert gases can separate out as hydrates on solidification at very low tempera- 
tures. This evidence clearly points to the fact that the affinity of the water 
molecules in the hydrates in the solid state may not be entirely chemical. 
On the other hand the existence of hydrates in solution points to a more 
fundamental link of the nature of a chemical bond between the water mole- 
cules and the substances under consideration. It is therefore necessary 
to look in other directions for the identification of the presence of hydrates 
in solutions. 

Deviations from the additive law of mixtures have been plotted against 
the corresponding concentrations to find singular points by Morgan and Davis. 
They obtained evidence for the existence of the following hydrates :—H,SO,, 
H,O by the specific gravity, viscosity and refractive index curves ; H,SO,, 
2H,O by the refractive index curve, H,SO,, 3H,O by the surface tension 
curve and H,SO,, 12H,O by the conductivity curve. There is also evidence 
for the existence of H,SO,, H,O from Graham’s investigations on capillary 
transpiration, and from Thompson’s thermochemical observations. Pfaundler 
and Schnegg discovered the existence of H,SO,, H,O and H,SO,, 2H,O from 
their cryscopic observations. 

Bouty found in his electrical conductivity results a minimum for 2H,SO,, 
H,O and a maximum for H,SO,, H,O. This is strikingly similar to the 
susceptibility results obtained in this investigation. 

It is seen that hydrates of sulphuric acid having one, two, three, six 
aud twelve molecules of water are all indicated by the different physical 
properties. The mono-hydrate is indicated by almost all the properties 
while the hydrate H,SO,, 4H,O which crystallises out asa solid, is conspicuous 
by its absence in solution. 

The magnetic observations corroborate the existence of the hydrates, 
2H,SO,, H,O ; H,SO,, H,O ; H,SO,, 3H,O ; H,SO,, 6H,O and H,SO,, 18H,O. 
The hydrate H,SO,, 2H,O seeims to be absent in the solution, an observation 
also made by Farquharson. One of two alternatives is possible. The di- 
hydrate may not be present in the solution under the conditions of the 





6 The information contained in this and the following paragraphs has been taken 
from Mellor’s Dictionary of Applied Chemistry, Vol. 10, p. 353 ff. 
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experiments or the presence of the dihydrate may not give a break in the sus- 
ceptibility-concentration curve. This problem needs further investigation. 

Sulphuric acid-water mixtures have been studied from the point of 
view of the Raman Effect by Ramakrishna Rao,’ Nisi® and Woodward. 
The results show that the Raman frequencies 416, 562 and 1171 are affected 
considerably by the nature of the combination. The magnetic results out- 
lined above, support the conclusions of Nisi that there are changes of fre- 
quency due to the formation of hydrates on dilution of the concentrated 
acid. 

(6) Acetic acid-water.—Since the density difference between acetic 
acid and water is small, the method followed in the case of sulphuric acid- 
water mixtures to determine the composition of any mixture could not be 
adopted in this instance. Weighed quantities of the acid and water were 
mixed together and poured into the tube. On exhaustion and sealing, the 
loss of weight of the mixture by evaporation was only } per cent. of the total 
weight of the mixture. The composition of the liquid inside the tube was 
taken to be therefore the same as the value before exhaustion, the error in 
this determination being obviously less than } per cent. 


TABLE II. 
Acetic acid-water. 


(Temperature 29° C.) 








neatic Acid | eprom | 

ss scale 

0 641-5 0-720 
21-4 607-5 0-681 
40-7 573-0 0-642 
63-1 540-5 0-606 
75-0 521-5 0-582 
75°4 517-5 0-580 
81-8 510-5 0-572 
88-3 501-5 0-562 
100-0 480-0 0-538 














7 Ind. Jour. Phys., 1933, 8, 123. 
8 Jap. Jour. Phys., 1929, 5, 119. 
9 Phys. Zeits., 1931, 32, 212; Proc. Roy. Soc., 1934, 114, 118. 
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The results for the susceptibility of acetic acid-water mixtures at different 
concentrations are given in Table IT. 

Table III gives the effect of temperature on the susceptibility of pure 
acetic acid and water. 











TABLE III. 
Acetic Acid | Water 

Temperature | x X,iXs0 | Paeere x | X,IXs0 

28 0-538 1-000 28 0-7200 | 1-0000 

29 0-537 0-998 36 0-7202 | 1-0003 

38 0-538 1-000 40 0-7206 | 1-0008 

45 0-538 1-000 45 0-7211 | 1-0015 

53 0-537 0-998 55 0-7216 | 1-0022 

57 0-537 0-998 | 














The effect of temperature on the susceptibility of the mixtures is shown 
in Table IV. 











TABLE IV. 
Acetic Acid 88°3 % Acetic Acid 75% Acetic Acid 21-4% 
Ba a arm of T | T : Be i Bie 
empera- empera- empera- | 
ture °C, x | ture °C, | x ture °C. x 
| . | 
28 0-562 | 29 0-582 23 «=| «(0-681 
39 0-562 | 37 0+584 40 0-681 
41 0-563 | 43 0-584 46 0-681 
47 0-562 | 48 0+583 50 0-681 
49 0-562 | 57 0-583 
50 0-562 | 
56 0-562 

















It is seen from Table III that acetic acid shows no variation of suscepti- 
bility with temperature in spite of the fact that it has a high dipole moment 
and is highly associated at ordinary temperatures. The break-up of asso- 
ciation in the case of acetic acid as in that of nitrobenzene produces no 
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change of susceptibility. The results accord well with those of Cabrera 
and Fahlenbrach.!® In the case of water, on the other hand, a small definite 
increase is noted, the coefficient being nearly equal to the values obtained 
by Auer!!, Cabrera and Fahlenbrach"” and Boeker™. 

In Fig. 3 is shown a graph between the percentage of acetic acid in the 
mixture and susceptibility. It is seen that the points plot smoothly on a 
straight line. No deviations such as were observed by Sibaiya and Venkata- 
ramiah are present in the graph. 
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This mixture has special interest because of the fact that a definite 
compound is formed at the particular composition where the coefficient of 
viscosity is maximum. It is interesting to note that the position of the 
maximum in the composition-viscosity curve is independent of temperature 
showing the existence of a definite compound at that concentration.“ ‘The 
density curve also shows a maximum at the same concentration. Krishna- 
murthi'® has investigated the mixture from the point of view of the Raman 
effect ; his results show that in addition to 1667 cm.-! line characteristic 
of the acid, a new line at 1707 cm. appears at about 95% which increases 
in intensity with further dilution till it is the only line present at about 75% 
and lower concentrations of the acid. He further suggests from the intensity 
variations that the covalent linkage is strengthened in this case. However 


10 Zeits. f. Phys., 1934, 89, 682. 

11 Ann. der Phys., 1933, 18, 593. 

12 Zeits. f. Phys., 1933, 82, 759. 

13 Phys. Rev., 1934, 46, 907. 

14 Jour. Chem. Soc., 1909, 95, 1556. 
15 Nature, 1931, 128, 639. 
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no deviations from the additive law are caused by the compound formation 
in magnetic susceptibility measurements. 


Increase of temperature produces no change in susceptibility. If any 
change of susceptibility is brought about by the compound formation, such 
changes must show alterations with temperature and departures from the 
additive law ought to occur at higher temperatures. The absence of such 
an effect proves that no measurable change has been caused by the formation 
of the compound and any change that takes place is too feeble to affect the 
electronic system considerably. 


(c) Sodium sulphate-water—This is a case of a strong electrolyte 
dissolved in water. It is wellknown that sodium sulphate is present in 
solution as the decahydrate below 33°C. and that it decomposes at higher 
temperatures. The reaction can be represented thus :— 

3°C. 
Na,SO,, 10H,O cae Na,SO,+10H,O 
The forward reaction is almost instantaneous while the backward reaction 
takes some time to proceed, so that it is possible to have the anhydrous sodium 
sulphate below 33°C. for a short time. The solubility curve brings out this 
point quite clearly since the solubility of the hydrate is entirely different 
from that of the anhydrous salt. 


These facts have been utilised to study the magnetic behaviour of the 
hydrated salt both in solution and the solid state. Ray-Chaudhuri!® has 
determined the magnetic susceptibility of a number of salts when they are 
hydrated and anhydrous and finds that in a large number of cases, a marked 
deviation is observed between the calculated additive value of the hydrate 
and the observed value. He concludes from the investigation that the 
deviation from the additive law is more prominent in those cases where the 
heat of formation is large. The fact that the hydrated and the dehydrated 
salts were prepared separately for the magnetic investigations makes a 
quantitative study a little doubtful. An obviously better method would 
be te prepare the hydrated salt and determine the magnetic susceptibility 
before and after the dehydration, the water remaining in the combined state 
in one case and free in the other so that the effect of binding alone will be 
recorded by the change in the magnetic susceptibility value. 


This method is not always easy to realise. But it happens that Na,SO, 
lends itself easily to such investigation since the hydrated salt decomposes 
on heating to over 33°C. into the anhydrous salt and water. The object 





16 Zeits. f. Phys., 1932, 77, 271. 
A5 F 
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of the present investigation is therefore to study the effect of binding on the 
susceptibility of the hydrate. 


The initial temperature of the solution was usually about 28°C. The 
depressions obtained in the Quincke method were noted just at this tem- 
perature and then at higher temperatures as the liquid was gradually heated. 
No changes in the depression were observed as the temperature was raised 
to above 33°C. The solution was then cooled to the laboratory tempera- 
ture and no change was observed even when the measurements were repeated 
over a considerable period (3 to 4 hours) during which interval, the salt 
should have become a hydrate again. This result definitely indicates that 
no important change in the electronic configuration occurs on dehydration. 
The values obtained at different temperatures are tabulated below. 


TABLE V. 





Concentration 11-6 % Concentration 20°0% Concentration 25°5° 
/ | Cc Oo 





Depression Tempe- Depression 








—— Depression ree 
he <% divisions X1|Xog ‘ PoC divisions 1/Xos rature | divisions 1/Xox 
ure “+ | on scale [ eet on scale ike on scale 
} 

28 604-0 1-0000 28 581-0 | 1-0000 28 556-5 1-0000 
31 604-1 1-0002 35 580°5 0-9991 31 557-0 1-0009 
35 604°5 | 1-0008 38 581-0 1-0000 36 557-2 1-0012 
40 604-3 1-0005 42 581-2 1-0003 40 556 -8 1-0005 
44 605-0 | 1-0016 44 581-0 1-0000 42 557-0 1-0009 























The measurements have been made at three different concentrations. 
It is found that the value of the susceptibility remains constant for any 
concentration when the temperature is raised from 28°C. to 44°C. It is 
thus clear that whether water exists as water of crystallisation with sodium 
sulphate or separately, the susceptibility is the same. 


The results obtained with the Curie balance also supports the same 
conclusions. The solid was sealed in a bulb and the deflection was noted. 
The bulb was then heated gently to temperatures above 33°C. and the de- 
flection taken again. A large number of readings were taken. About 
66 to 70 milligrams of the hydrated crystal gave deflections varying from 8 
to 9 centimetres. Heating to temperatures above 33°C. did not produce 
any change in the deflection and hence in the mass susceptibility of the solid 
when the water of hydration became free and the salt was anhydrous. 
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4. Discussion. 


The molecular susceptibility of a polyatomic molecule without a re- 
sultant spin is represented according to Van Vleck!’? by the expression 


a on ae, Ba 
Xn = 6ma~ t3he 


| mo(n’ ; m) |? 
hv(n’' ; n) 

The first term is the well-known term of Langevin while the second is a 
paramagnetic term independent of temperature and is brought about by 
the distortion of the electron system due to interatomic forces such as are 
obtained in diatomic and polyatomic molecules. The substance is diamagne- 
tic or paramagnetic depending on whether the first or the second term is 
the greater. The second term is however usually small, although the differ- 
ence between the observed and theoretical values of the susceptibility in 
the case of some sulphur compounds has been found to be as much as 30 per 
cent. It is evident from the discussion that the paramagnetic term should 
vary with the different linkages in the molecule and an additional linkage 
would mean an increase of this term and hence a decrease in the diamagnetic 
susceptibility. In solutions, the ions are not free but attach themselves to 
solvent molecules!® and thus because of the irregular spacing of a liquid, 
sufficient asymmetry is brought about resulting in a distortion of the electron 
system. When a salt is dissolved in a liquid, the binding in the solid state 
is broken off and at the same time new constraints are brought about because 
of the attachment of the solvent molecules to the different ions of the salt. 
The change in susceptibility that ought to be expected therefore when a salt 
is dissolved in a liquid is due to the difference in the paramagnetic term when 
in the solid state and in solution. The diamagnetic susceptibility in the 
solid state would consequently be greater or smaller according as the binding 
in the solid state is smaller or greater than that in solution. Also if new 
linkages are formed the system will be affected and the deviation of the 
susceptibility value will indicate in each case the nature of the linkages 
involved. 





We can also draw attention to the fact that hydration of the ions in 
solution would indicate greater constraint on the ion and hence the paramag- 
netic term would become greater resulting in a smaller value for the dia- 
magnetic susceptibility. 

In the light of these conclusions, the results for aqueous solutions of 
sulphuric acid, acetic acid and sodium sulphate are quite interesting. In the 
case of sulphuric acid-water mixture, we meet with two types of deviations. 





17 Van Vleck, Theory of Electric and Magnetic Susceptibility, p. 275. 
18 Fajans, Trans. Faraday Soc., 1927, 23, 357. 
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At 91-6 per cent. of the acid, the hydrate 2H,SO,, H,O is formed and it 
gives an increase in the susceptibility value; whereas the other hydrates 
give lower values. It is easy to understand the decrease of diamagnetic 
susceptibility in the case of the higher hydrates ; but the increase in the case of 
2H,SO,, H,O requires some explanation. 





We shall now show that the considerable deformation produced in the 
SO,-~ ion by the hydrogen cations on combination is somewhat reduced by 
the water molecules and since the paramagnetic term in the above equation 
is consequently decreased, the diamagnetic susceptibility shows an increase. 
These assumptions are justified by Raman effect and X-ray data. 


Krishnamurthi’ has studied the effect of the cation on the sulphate 
group and has come to the conclusion that the smaller cations have greater 
deforming power. Thus it would appear that H* would have a large deform- 
ing power on the anion. That there is considerable influence on the Raman 
frequencies of the anion by the cation and that the smaller cations produce 
much larger changes are amply borne out by the investigations of Gerlach 
and Embirikos.?° 

These conclusions receive additional confirmation from the study of the 
k absorption edges. Lindh*! has shown that the frequency of the continuous 
k absorption edge of an element in a compound radical varies with its valency. 
In the case of positive ions like those of chromium, manganese and iron, the 
separation increases with the valency. De Broglie* and Lindsay and Voorhes* 
have also verified these conclusions. In the case of anions, the absorption 
edge shifts towards shorter wave-length as their deformations are increased. 
Introduction of a neutral molecule like water between the positive 
and negative ions lowers the deforrnation of the anions on account of increas- 
ed distance and hence the absorption edge is shifted towards longer wave- 
length which indicates that the binding has become more loose. 


In the magnetic case, it has been noted that the term A in the Curie- 
Weiss law, which is primarily due to interatomic forces, is almost zero for 
salts of high magnetic dilution such as MnSO,(NH,).SO,-6H,O and 
Fe,(SO,)3(NH,).5O,:24H,O. In both cases the term A is nearly zero since 
there are large numbers of ammonia and water molecules which lessen the 
interatomic forces considerably. 





19 Ind. Jour. Phys., 1930, 513 and 651. 
20 Taken from Kohlrausch, Smekal-Raman Effect, p. 204. 
21 Zeits. f. Phys., 1925, 31, 210. 

22 De Broglie, X-Rays (Eng. Trans.), p. 75. 

23 Phil. Mag., 1928, 6, 910. 

24 Theory of Electric and Magnetic Susceptibilities, p. 304. 
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The case of 2H,SO,, H,O can be considered as another example where we 
have a similar dilution effect. The introduction of water molecules loosens 
the bond between the hydrogen ions and the sulphate ion and hence decreases 
the deformation. This is accompanied by an increase in the diamagnetic 
susceptibility. There is considerable evidence, in fact, in favour of the idea 
of the penetration of the proton into the chloride ion in the case of HC1.*® 
Such a penetration would cause a general contraction more especially of the 
superficial orbits which contribute the largest share to the diamagnetic 
susceptibility. The loosening of the bond with water would therefore mean 
an increase in value. 

As contradistinguished from this effect, we have the formation of the 
other hydrates which result in a decrease in diamagnetism. In these cases 
the water molecules form compounds with the acid and the distortion produced 
by them is greater than the loosening effect produced when the water mole- 
cules are first introduced. A reference to Fig. 2 also indicates that the law 
of mass action is applicable to the formation of these hydrates. 


In the case of acetic acid-water, a compound is formed and the alteration 
introduced into the electronic system is so small that there is no sensible 
deviation from the additivity law. The break-up of the decahydrate of sodium 
sulphate at temperatures higher than 33°C. is not also accompanied by any 
change of susceptibility at any rate to any measurable extent. The nature 
of combination in this case is no doubt very loose for it is well known that 
the sodium sulphate crystals give out their water of crystallisation very easily ; 
on the other hand, sulphuric acid absorbs water vapour very strongly to form 
stable hydrates. 

Attention was drawn to the investigations of Cabrera and Fahlenbrach 
who studied aqueous solutions of potassium iodide and observed changes 
in the magnetic susceptibility due to different degrees of hydration. They 
suggest that there is greater hydration at higher temperatures and that 
there is an increase of susceptibility corresponding to greater deformation 
of the ion with increasing hydration. One should expect however a decrease 
in hydration with increasing temperature. Besides it is quite unlikely that 
hydration is accompanied by an increase in susceptibility, although in the 
case of 2H,SO,, H,O there is an increase for reasons mentioned earlier in the 
paper. Such an explanation in the case of potassium iodide and generally 
of strong electrolytes seems to be not justifiable since we have no reason 
to believe that the distortion caused by hydration itself could be less than 
the crystalline forces in the solid. It is to be recalled that sulphuric acid 





25 Bell, Phil, Mag., 1924, 47, 549, 
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is not as strong an electrolyte as the alkaline halides. The condition for 
electro-valency tending to become covalent is that the anion must be large 
and the cation must be very small. This condition being fulfilled in the 
case of the acid, we ought to expect sulphuric acid to be less electrovalent 
than the salts mentioned. ‘This indeed is the case as evidenced by the com- 
paratively low dissociation factor of the acid. A break-up of the molecule 
therefore causes the removal of a large deformation. 

Hocart?® however records a larger susceptibility for a salt in solution 
than the crystalline state. This difference has been explained by Weiss as 
being due to deformation in the ion and from the experimental values of 
refractivity a correction has been applied. However there seems to be no 
real difference between the susceptibility as calculated from the solid state 
and from the state in solution, provided the depolymerisation of water due 
to the introduction of the electrolyte is taken into account. In the case 
of KCl and NaCl for which accurate data are available,”* it is found that 
an increase of 0-0018 and 0-003 in the susceptibility of water due to depoly- 
merisation (on the addition of 22% and 25% of KCl and NaCl respectively) 
would explain the increase observed. When due allowance is made for 
incidental errors, it looks very probable that this increase is due to depoly- 
merisation of water which has been amply borne out by Raman effect data. 
It may be mentioned here that measurements in solution must be taken at 
different increasing temperatures and that the value of the solution which 
is not altered on increase of temperature, must be used in the calculation 
of ionic values. In that case the value assumed for water must be that in 
the completely depolymerised state. Calculations not based on these princi- 
ples may be in error by as much as 4%. 

It thus looks improbable that in these cases hydration causes any change 
in the susceptibility due to deformation of the ions. The results for sodium 
sulphate and acetic acid show definitely the comparative insensitivity of 
diamagnetism to small changes. It may be therefore concluded that the 
observed changes of Cabrera and Fahlenbrach are to be attributed partly 
to depolymerisation effects of the ions of water. It is interesting to note 
that Tammann?’ in a recent communication has drawn attention to the 
changes in ice VI molecule under the altered conditions of internal pressure 
brought about by the salt and the increasing temperature. More data on 
different salts in solution are necessary to decide this important issue. A 
determination of the susceptibility of water at still higher temperatures 





26 Comp. Rend., 1929, 188, 1151. 
27 Zeits. f. Phys., 1934, 91, 410. 
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would throw light on the interesting question of the existence of ice VI 
molecule. 
5. Summary and Conclusions. 

The magnetic susceptibilities of sulphuric acid-water mixtures have | 
been studied at different concentrations. Above 86° of the acid, the suscepti- 
bility values are greater than those given by the additive law while below 
86%, the values are lower than the additive values. Maximum deviations 
were observed at concentrations corresponding to 2H,SO,, H,O; H,SQ,, 
H,O; H,O,, 3H,O; H,SO,, 6H,O and H,SO,, 18H,O. These hydrates 
are also indicated by other physical properties of the mixture. The devia- 
tions have been accounted for as being due to increased deformation of the 
anion in the acid in one case and decreased deformation in the other. 

Acetic acid-water mixtures have been investigated at different concen- 
trations. The results show that the additive law is obeyed even at equi- 
molecular concentration of the components although a compound is formed 
at this composition. 

The decahydrate of sodium sulphate has been studied both in the solid 
state by the Curie method and in solution by the modified Quincke method 
used for sulphuric acid-water mixtures. When the hydrate was heated to 
more than 33°C. (at which temperature the water of crystallisation breaks 
away and the crystal becomes anhydrous) no change of magnetic susceptibility 
was noted. This suggests that the binding of the water molecules to the 
sulphate is very loose in contradistinction to the case of the hydrates of 
sulphuric acid. The theoretical basis for the increase of susceptibility on 
hydration suggested by Cabrera and Fahlenbrach to explain their results in 
aqueous solutions of potassium iodide is critically examined and evidence 
is put forward to show that no such changes are likely to occur. 
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chandra Rao for his keen interest and helpful guidance. My thanks are 
due to Mr. S. Narayanaswami Ayyar for much valuable discussion, I thank 
also the authorities of the Annamalai University for the award of a student- 
ship, which has rendered this work possible. 
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D) 
1. I have recently proved the 
Theorem.| If the c’s are not all of one sign and if all the ratios 
- * (s&t) are irrational, we can find integers n,, ---,n, (not all zero) such that 
' r W 
| S 6%," | <e nt 
— in 
where « is an arbitrary positive number and r > 9. 
This was deduced from a theorem of Jarnik and Walfisz in the theory - 
of lattice points. - 
In the same direction we have 
Theorem 1. Let cy, c2 > 0, af’ ©) trrational, H 
C2 
7" 1 1 
1 ee a eh ee 
0) (2 at a Ag+ -:: ‘ 
Then, to every positive e, we can find infinitely many pairs of positive integers 
Nn, and no, such that 
(2) | mye; — meen | < € 
whenever a, = O (1), but not otherwise. 


(cy, C2,-++, Cy) We can find integers ny, ..., n, (not all zero) such that 


where « is an arbitrary positive number and r > 2. 


Then 





Theorem 2. If the c’s are not all of one sign, then for ‘ almost all’ sets 


, 
= cone 
a=] 


<e 








2. Let Pn be the wth convergent to (1). 


nm 


a || 1 
3) | Pe _ | /er | : 
( ) In C2 | angn* 
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1 Jour. London Math. Soc., 1934, 9, 162-63. 
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Further, (2) requires, 


wm | 2-/2|=0(%) 


From (3) and (4) we obtain Theorem 1, since a, is unbounded. 


To prove Theorem 2, we can assume without loss of generality that ¢, 





and c, have opposite signs. TLetc,; = db, > 0,c. = — by. Then b, > 0, 
by > 0. 
We know that if 
1 1 
6=d 
1+ do+ ds ss 


where the d@’s are positive integers, then d, = O (1) for almost all 6. It 
now follows from Theorem 1 that for almost all (b,, 6.) we can find positive 
integers m, and , such that 
(5) | dn,? — dyn? | <€ 

where ¢ is an arbitrary positive number. Hence for almost all sets (b,, bs) 
we have from (5), 

(6) | bym,® — dymg? + cy.0® + 4.0? + +++ + c,.0? | < € [my, my > 0). 
Hence Theorem 2 follows from (6), as we can take n, =---=n,=0. 


If in Theorem 2 we require that the integers m,, ---, m, are all different 
from zero, then Theorem 2 is no longer easy to prove -— there is, however, 
little doubt that the theorem is true even with this restriction. 
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1. Schaffstein' has given a list of positive prime discriminants of binary 
quadratic forms whose class-number is 1. His table shows that the 
majority of positive discriminants under 10000 has their class-number 
equal to 1. 

This paper contains a list of positive prime determinants [= 3(4)] of 
binary quadratic forms whose class-number is 2. The table extends to 
positive determinants under 5000, and here again we find that by far the 
greater majority of determinants considered has the property in question. 

2. To test whether A(d) = 2 where d is a positive prime = 3(4) and 
h(d) is the class-number of binary quadratic forms of determinant d, the 
following test, suggested to me by Dr. S. Chowla, was used (the proof of the 
‘test’ is implicit in known results) : 

Let d = 3(4),d > 0. Let p denote any prime factor of d — x* (x < yd), 
p< vd. Then h(d) = 2 if p occurs as a ‘ partial quotient’ in the simple 
continued fraction for Vd. 

(1) The following are values of d< 2000 for which A(d) = 2, the 
values of d for which A(d) > 2 are marked with an asterisk : 

7, 11, 19, 23, 31, 43, 47, 59, 67, 71, 79*, 83, 103, 107, 127, 131, 139, 15], 
163, 167, 179, 191, 199, 211, 223*, 227, 239, 251, 263, 271, 283, 307, 311, 331, 
347, 359*, 367, 379, 383, 419, 431, 439*, 443*, 463, 467, 479, 487, 491, 499*, 
503, 523, 547, 563, 571, 587, 599, 607, 619, 631, 643, 647, 659*, 683, 691, 719, 
727*, 739, 743, 751, 787, 811, 823, 827, 839*, 859, 863, 883, 887, 907, 911, 
919, 947, 967, 971, 983, 991. 

1019, 1031, 1039, 1051, 1063, 1087*, 1091*, 1103, 1123, 1151, 1163, 
1171*, 1187, 1223*, 1231, 1259, 1279, 1283, 1291, 1303, 1307, 1319, 1327*, 
1367*, 1399, 1423, 1427, 1439, 1447, 1451, 1459, 1471, 1483, 1487, 1499, 1511, 
1523*, 1531, 1543, 1559, 1567*, 1571, 1579, 1583, 1607, 1619, 1627*, 1663, 
1667, 1699, 1723, 1747, 1759, 1783, 1787*, 1811*, 1823, 1831, 1847*, 1867, 
1871, 1879, 1907*, 1931, 1951, 1979, 1987, 1999. 





1 Math. Annalen, 1927. 
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(2) The following are the only prime values of d = 3(4) for which 
h(d) > 2, 2000 < d < 5000: 

2027, 2099, 2143, 2207, 2251, 2399, 2459, 2467, 2543, 2659, 2711, 2971, 
3023, 3163, 3203, 3251, 3271, 3391, 3719, 3739, 3803, 3967, 4139, 4159, 4271, 
4283, 4591, 4651, 4759. 

3. Of the 335 primes d = 3(4) upto 5000, 284 primes satisfy h(d) = 2, 
while 51 do not. 

I am indebted to Dr. S. Chowla under whose guidance I worked. 
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1. A non-trivial solution of the equation 
(1) x," + %% + eect + X%n* = y,* + ae + ¥,* 
in positive integers is one in which no x is equal to any y and 
(x, °9°, Sms Var °° I) = E. 
When there exists a non-trivial solution of (1) we write 
(2) (m)* = (n)é 
We use 8 = B(k) to denote the least value of » such that (1) has 
a non-trivial solution with m < n, and y = y(k) to denote the least value of 
n such that (1) has an infinity of non-trivial solutions with m < n. 
We use 7, ,(N) for the number of representations of N as a sum of s 
positive Ath powers (permutation of the bases not being allowed) and 7’, ,(N) 
for the number of primitive representations. 


Wright! has shown that 

Theorem1. For3<qk < 9 we have y(k) <k. 
Rao? has shown that 

Theorem 2. For4<k < 8 we have B(k) < k—1. 
I prove here that 

(3) B(9)< 8 
so that we obtain 
Theorem 3. For3<qk< 9 we have B(k) ¢ k — 1. 


I also find that 


Theorem 4. (i) (5)? = (5)? 
(ii) (4)? = (6)? 
(iii) (7)* = (7)° 


Of these relations (ii) and (iii) are new, while (i) has also been established by 
Rao in a paper to appear in Mathematische Zettschrift. 





1 Journ. London Math. Soc., 1935, 10. 

2 The cases k=5, 6, 8 in Journ. London Math. Soc., 1934, 9, 170-71, 172-73 and 
Mathematische Zeitschrift, 1934, 39, 240-43, The case k=7 in a paper to appear in Mathe- 
matische Zeitschrift, 
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Further, Wright? has shown that 
Theorem 5. For3<k< 9, 
r’,4(N) > 2 ts true for infinitely many N. 
From Theorem 4, (i) and (iii) we deduce that 
Theorem 6. Fork = 7 and fork = 9, 
t’z44(N) > 2 is true for infinitely many N. 
2. Our Theorem 2 is a special case of 
Theorem 7. Forr = 1, 3, 5, 7, 9 we have 
Ir +47 47 + 327 + 337 + 447 4 477 + 487 
= 14" + 26” + 39” + 427 + 46” +497 
In particular, we have, 
(6)° = (8)° 
so that B(9) < 8. 
The results of Theorem 4 are special cases of the following: 
(4) 17 + 5 + 137 + 397 + 51” + 59” 
= 237 + 33 +55" + 57" [ry = 1, 3, 5, 7]. 
(5) 7 + 117 + 19% + 61” + 69" + 91” + 93” 
= 17 +137 + 25" + 55” + 75” + 87” + 957 [r=1, 3, 5, 7, 9]. 
(6) 15% + 277 + 517 + 61” + 69” 
= 13” + 31” + 477 + 65% + 67" [r=1, 3, 5, 7]. 
3. All our results are obtained by ‘‘ Tarry’s process’’. A complete 
derivation of the results will appear elsewhere. Our method also proves . 


Theorem 8. We have B(17) < 31. 


3 Loc. cit. 
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A MESSENGER prize of the Institute of Actuaries, Irondon, was awarded 
in 1933, for the first time, to an Indian, Mr. D. P. Misra,’ for demonstrating 
that multiplicity of the rate of interest is possible for a financial transaction 
and for propounding the need of a criterion by which a unique rate of 
interest may be determined in such cases of ambiguity. It had been taken 
for granted before, presumably without any mathematical proof to support 
it, that a financial transaction admits only one rate of interest ; and hence 
the examples given by Misra in which two or more rates of interest become 
possible evoked much interest among the leading actuaries of the world. 

A precise definition of a practical financial transaction must first be 
stated as it is intended to treat it here mathematically. The definition 
proposed by us is this: throughout a practical financial transaction, on 
the basis of a uniform rate of interest, the original creditor always remains 
the creditor, and the original debtor always the debtor and that the two are 
quits only when the transaction comes to anend. This definition is not 
satisfied by the examples of Misra wherein multiplicity arises. 

The definition of a practical financial transaction may now be expressed 
as a set of mathematical conditions. Let a financial transaction start with 
A lending a sum a, to B on a certain date, say, January Ist, 1935. If A is 
the creditor a, > 0. Exactly a year from that date A lends another sum 
a, to B or B returns a sum—da, to A according as a, is +ve or —ve. If y% 
is the rate of interest we may denote 1+y¥/100 by x. According to the 
definition of a practical transaction a,x + a, >0 on January Ist, 1936. 
If a,*% + a, = 0 the transaction becomes complete and the rate of interest 
is 10? (— a,/a, — 1)%. If the transaction is not complete on January Ist, 
1936, let it be completed exactly m years after the initial payment. If at 
the end of the vth year from the beginning A lends a, to B or B returns 
— a, toA according as a, is+ve or —ve, then the following algebraic 
conditions hold good : 





1 Journal of the Institute of Actuaries, Vol. 64, pp. 71-97. Vide also Dr. Steffensen’s 
paper in the same volume. 
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‘A Practical Financial Transaction 


(I) 


fu(*) = Aygk" + Ax + o6+s + Ay = 0 

fy (x) = age’ + ayxrt + ---- +a, > 0,7=0,1,---, acl 
If a,= 0 it means of course that no payment occurs between the parties at 
the end of the rth year. The uniqueness will be established when we prove 
that if there exists a root of f,(x) = 0, say, x =a > 1 satisfying all the 
conditions (I) then there cannot exist 8 > 1 satisfying f,(x) = 0. This is 
an algebraic problem and we proceed to prove now a slightly more general 
problem : 

If a > 0 satisfies all the conditions (I) then /f,(x) =0 has no other 
positive root. 

We have 

S'al%) = Uneart tS toes FX fp ters + xO lf].. ae 
It is clear from (II) that at x =a /’,(a) is positive. As in (II) /’,.,(x), 
f'n-o(x), etc., may also be expressed by similar finite series. Hence /’,,(a), 
f'no(a), etc., are all positive. It follows therefore that /”,,(x) is+ve at 
x=a. Proceeding in this manner it becomes clear that /’”,,(a), f'Y,,(a), «+> 
f",(a) are all positive and that the higher derivatives vanish. Using the 
Taylor polynomial expansion we find that f,,(x) > 0 for x >a and that 
f,(x) = 0 cannot therefore have another root greater than a. 

We can also show that there cannot exist another root f of f,(x) = 0 
such that 0 < B <a. For obviously f,(8) = f(a) > 0. Hence af,(a) + a, > 
Bf(8) + a, or f(a) > fi(B). Since f(a) > 0 we obtain similarly f(a) > /2(B). 
Applying this process continuously the conclusion is reached that f,(a) > f,,(B). 
But f(a) = 0. Hence 8 cannot be a root of f,,(x) = 0. 

It is this algebraic proposition that supplies a proof of the uniqueness 
of the rate of interest in a practical financial transaction. We have consi- 
dered the simple case where payments and returns are made at yearly 
intervals, but a more sophisticated case where payments and returns are 
made at any intervals which however can be expressed by commensurable 
integers reduces to a similar algebraic problem to which the result of the 
general proposition established becomes applicable. 

Incidentally the general algebraic proposition is also valid if some, but 
not all, f,(x) vanish at x =a. The case is certainly trivial where all f,(x) 
vanish atx =a. It is also evident that the root a is not repeated except 
possibly when a = 0. 

When this investigation was being carried out a new theorem in the 
theory of equations occurred to us. In view of the close connection between 
the mathematical arguments of this paper and this theorem it may not be 
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out of place to state and prove it here briefly. Following the notation of 
the paper we state the theorem as follows : 


If f,(x) = 0 has p roots each greater than a, then there are at least 


changes of sign in the series f,(a), f(a), ---, f(a) where a > 0. 
Consider (x —B) f(x) = ty4,(x) for B >a. If p,44(%) = 09 4771 + dyer + 
-.+++6,,, we may define (x) = by x + bxt1 + ---- b fort=0, 1, -+- 7; 


so that (a) = (4 — B)fra (a) + a Yo(a) = fo(a) and ¥,,:(a) = (a—8)f,(a). 
Now consider the signs in the two series : 

Sola) fila) -+-+-> f(a) 

$o(a) Yy(a)------ Pr41(a). 
The two series begin with the same sign and end with opposite signs. 
Corresponding to a change of sign from /f;_,(a) to f/,(a) the sign of (a) agrees 
with the latter; and corresponding to a continuation of sign in the first 
from f;_;(a) to f;(a) the sign of ¥,(a) remains ambiguous. When a zero value 
comes in either series we may take the left hand sign. 

Hence it follows that the #-series has at least one more change of 
sign than the fseries. If the f-series is perfectly general so also is the 
series, the increase in changes of sign in the latter series being due to the 
fact that ,,,(%) = 0 has one more root (viz., 8) exceeding a than f,(x) = 0. 
This completes the proof of the theorem, which may be regarded as a 
generalisation of Descartes’ rule of signs. 

Summary. 


A definition of a practical financial transaction is given and it is proved 
straight from the definition that a practical transaction admits only one rate 
of interest. The transactions considered by Misra in his paper are thus 
shown to be only mathematically possible. Two new algebraic theorems 
are stated and proved. 
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Introduction. 


In Part I of this series,! the 8-(8-methoxy-naphthyl)-glutaconic acid was found 
to be the first case of a glutaconic acid of the B-aryl type to be separated 
in geometrically isomeric forms, and later on? it was found possible to trans- 
form all the naphthol substituted glutaconic acids into their geometrical 
isomerides. In a search for more glutaconic acids belonging to the f-aryl 
type exhibiting geometrical isomerism, the author happened to condense 
p-cresol-ethylether with acetone-dicarboxylic acid. This condensation, how- 
ever, gave only one form of a f-(2-ethoxy-5-methyl-phenyl)-glutaconic acid 
(I), besides two other new acids melting at 205°C. and 232°C. These acids 
were found to belong to an entirely new type of compounds which could be 
derived from glutaconic acids, and form the subject of the present investiga- 
tion. 

The equivalents and empirical formule of these acids were of a grade 
differing from the glutaconic acid by about one molecule of p-cresol-ethyl- 
ether, and this combined with their monobasic character, suggested their 
probable formation by interaction of the cresolether with one of the carboxy- 
lic groups of the glutaconic acid during the reaction. However, when it 
was attempted to condense the glutaconic acid (I) with #-cresol-ethylether 
in the presence of concentrated sulphuric acid as in the original reaction, 
no reaction was observed to proceed in the expected manner. Similar 
condensation products of phthalic and succinic acids with aromatic hydro- 
carbons or phenolic ethers have been obtained in the past from their 
anhydrides, by the application of Friedel and Crafts’ reaction. This reaction 

1 Gogte, Proc. Indian Acad. Sci., A, 1934, 1, 48-00. 

2 Gogte, Proc. Indian Sci. Congress, 1935, Abst. No. 115. 

3 Pechmann, Ber., 1880, 13, 1612; Burker, A.ch. (5) 26, 435, 499; Nourrison, Ber., 
19, 2103; Ullmann and Schmidt, Ber., 52, 2098; Bentley, Gardner and Weizmann, J.C.S., 
1907, 1626. 
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was found unworkable in the present case, in that, the glutaconic anhydride, 
being an unsaturated compound, was itself attacked by aluminium chloride. 
Moreover, zinc chloride or phosphorus pentoxide could not be used here as 
condensing agents, for they transformed the glutaconic acid into its anhydride, 
which prevented further reaction. The desired condensation, however, 
was found to get effected, in the presence of 80% sulphuric acid, appreciable 
quantities of the acids m.p. 205°C. and 232°C. being formed. 

The monocarboxylic acid m.p. 205°C., however, did not absorb any 
bromine from bromine water, did not decolourise alkaline potassium 
permanganate solution and gave no semicarbazone, thus indicating an absence 
of any double bond or a ketonic group in itself. This went against the above 
supposition about its formation. When treated with 80%, sulphuric acid 
this monocarboxylic acid gave the known 6-methyl-coumarin-4-acetic acid 
(VI), while the action of concentrated sulphuric acid produced together with 
this coumarin acid, a neutral compound m.p. 184°C. with an empirical formula 
showing a loss of one molecule of ethyl alcohol during its formation. This 
neutral compound, on boiling with caustic alkalies, went slowly in solution, 
and on subsequent acidification produced an acid, which decomposed at 
110°C. and gave back the neutral compound. ‘This new acid was also 
extremely unstable giving back the original neutral compound even on 
simple crystallisation ; this suggested an existence of a lactone ring similar 
to that in the coumarins, in the latter. Hydrolysis and subsequent ethylation 
of the neutral compound to prevent this lactone-ring closure, yielded, instead 
of the original monocarboxylic acid m.p. 205°C., a new dicarboxylic acid 
m.p. 219°C. with an empirical formula showing an excess of one molecule 
of ethyl alcohol over the monocarboxylic acid. This indicated the presence 
of a lactone ring also in the monocarboxylic acid m.p. 205°C. which was 
proved by its transformation into the dicarboxylic acid m.p. 219°C. by hydro- 
lysis and ethylation. On the other hand, the dicarboxylic acid m.p. 219°C. 
was also found to give, by the action of sulphuric acid, a mixture of the mono- 
carboxylic acid m.p. 205°C., the neutral compound m.p. 184°C. and the 6- 
methyl-coumarin-4-acetic acid (VI). 

It was therefore concluded that the dicarboxylic acid m.p. 219°C. was 
the primary product of the reaction formed evidently by the addition of one 
molecule of /-cresol-ethylether to the 8-(2-ethoxy-5-methyl-phenyl)-gluta- 
conic acid (I) ; the monocarboxylic acid m.p. 205°C. (II) and the neutral 
compound m.p. 184°C. (V) being its mono and dilactones. Such direct 
additions of aromatic hydrocarbons or phenolic ethers to a double bond, 





4 Dey, J.C.S., 1915, 1636. 
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are known to happen in the case of styrols,®> and cinnamic acid. Thus here 
the dicarboxylic acid m.p. 219° C. can be represented by either of the struc- 
tures (III) and (IV), according to which carbon atom along the double bond, 
the nucleus of the phenolic ether is attached. The symmetrical structure 
(III) designating the dicarboxylic acid as Af’-(22’-diethoxy-55’-dimethyl- 
diphenyl)-glutaric acid, is the more probable one, because an acid of the 
structure (IV) would give in addition to the 6-methyl-coumarin-4-acetic 
acid (VI), an acid of the formule (VII) by the action of sulphuric acid ; no 
such acid was detected. ‘These reactions and all the products could be 


represented as: 
monocarboxylic acid m.p. 232°C. 


CHz; CH, 


OC2H; ——)> 
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(IV) (VII) 


B-Substituted glutaric esters are known to condense with oxalic ester, 
but the reaction is more difficult when there are two methyl groups in the 
B-position.? ‘The esters of the present glutaric acid could not be made to 
condense with oxalic ester. ‘This may be due to the fact that there are two 
much heavier phenolic ether groups in the B-position, which cause a kind of 
steric hindrance as in the case of 88-dimethyl-glutaric esters. 





5 Konig, Ber., 23, 3145; Kramer and Spilker, Ber., 23, 3169, 3269. 
6 Libermann and Hartmann, Ber., 24, 2582; 25, 957. 
7 Dieckemann, Ber., 1930, 32; Komppa, Amnalen, 368, 126. 
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In the other monocarboxylic acid m.p. 252° C., the absorption of bromine 
from bromine water, the instantaneous decolourisation of alkaline potassium 
permanganate solution, and the easy formation of semicarbazone indicated 
the existence of unsaturation and a ketone group. ‘This showed that it had 
been formed by the elimination of a molecule of water between one of the 
carboxylic groups of the glutaconic acid (I) and the nuclear hydrogen atom 
of p-cresol-ethylether. A similar monocarboxylic acid melting ‘at 252°C. 
had been obtained previously by the condensation of p-cresol-methylether 
with acetone-dicarboxylic acid.* It has now been found possible to synthe- 
sise this also by the condensation of p-cresol-methylether with B-(2-methoxy- 
5-methyl-phenyl)-glutaconic acid (VIII) in the presence of 80% sulphuric 
acid. It was observed that no glutaric acid like (III) was formed in either 
of these condensations ; the compound could however be synthesised from 
the dilactone (V) by hydrolysis and methylation. ‘his monocarboxylic acid 
m.p. 252° C. could be designated by either the structure (IX) or (X), depend- 
ing upon which of the carboxylic groups of the glutaconic acid had taken 
part in the reaction. 

By the action of 80° sulphuric acid, the monocarboxylic acid m.p. 
252° C. produced an indone-acetic acid m.p. 218° C. by the loss of one mole- 
cule of p-cresol-methylether, which was identical with the one described by 
Gogte and Limaye®; but the action of concentrated sulphuric acid yielded, 
in addition to the indone-acetic acid, a neutral compound m.p. 214°C. 
by a loss of water caused by the internal condensation of the carboxylic 
group with the ring. If the structure (IX) be assumed for the monocarboxy- 
lic acid, the indone-acetic acid will have the formula (XI) and the neutral 
compound (XIII). Then the decarboxylation product (XII) of the indone- 
acetic acid will not contain a reactive-CH,—CO-group in the ring, but such 
a group will be present in the neutral compound. If, on the other hand, 
the structure (X) represents the monocarboxylic acid, the situation will be 
exactly reversed and thus a decision between these two alternative formule 
(IX) and (X) can easily be made by examining whether the decarboxylation 
product of the indone-acetic acid or the neutral compound m.p. 214° C. 
contains a reactive methylene group by condensing with aromatic aldehydes.’ 
It was observed that the neutral compound m.p. 214°C. (XIII) easily 
condensed with benzaldehyde whereas the decarboxylation product (XII) 
remained inert, thus supporting the formula (IX) for the monocarboxylic acid 
m.p. 252°C. This structure is further supported by the observation that 





8 Gogte and Limaye, J. Univ. Bom., 3, Part II, 135. 
8 Compare Kipping, J.C.S., 1894, 65, 492. 
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the esters of the monocarboxylic acid also contained no reactive-CH,—CO- 
group condensing with benzaldehyde, as would be the case if formula (X) 
were correct. In the formula (IX), the carboxylic group of the glutaconic 
acid is represented as attached at the ortho-position to the methoxy group 
of the p-cresol-methylether, as this is the only reactive position in the 
nucleus. The monocarboxylic acid m.p. 252°C. can therefore be designated 
as 2-2’-dimethoxy-5-5’-dimethyl-chalkone-a-acetic acid, and the indone- 
acetic acid as 7-methoxy-4-methyl-3-keto-indene-acetic acid. The fact that 
in the formation of these acids, the carboxylic group of the glutaconic acid 
(VIII) situated at the end of a conjugated system of double bonds, has 
taken part in the reactions, is in harmony with its increased reactivity. These 
reactions and the above-mentioned products are represented as : 
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The corresponding monocarboxylic acid m.p. 232°C. obtained in the con- 
densation of p-cresol-ethylether, gave by the action of sulphuric acid, an 
indone-acetic acid m.p. 216°C. and a neutral compound m.p. 165°C. This 
indone-acetic acid could not however be obtained from the f-(2-ethoxy-5- 
methyl-phenyl)-glutaconic acid (I) by the action of sulphuric acid, the 6- 
methyl-coumarin-4-acetic acid being the sole product in this case. 

Conclusion. 


Pechmann’s condensation consists primarily in the elimination of a 
molecule of water between the enolic hydroxylic group of the f-ketonic 
ester and the nuclear hydrogen atom of the phenol, whereas in the Simonis’ 
reaction, it is the carboxylic group of the f-ketonic ester that eliminates 
water with the latter. In the present condensations of p-cresol-methyl and 
ethyl-ethers with acetone-dicarboxylic acid, both these reactions apparently 
happen simultaneously to produce the chalkone-acetic acids, and thus they 
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can be looked upon as a combination of Pechmann’s and Simonis’ reactions, 
Similarly the glutaric acid condensation can be called a combination of 
Pechmann’s and Kramer’s reaction. 

The £-(2-methoxy-5-methyl-phenyl)-glutaconic acid (VIII) by the 
action of sulphuric acid, produces the indone-acetic acid (XI) as well as 
the 6-methyl-coumarin-4-acetic acid (VI), whereas the f-(2-ethoxy-5-methyl- 
phenyl)-glutaconic acid (I) gives only the latter coumarin acid, no trace of 
any indone-acid being obtained. The chalkone-acetic acids m.p. 252°C. 
and 232°C. (EX) on the other hand, give only the indone-acids (XI) under 
these circumstances, and not even a trace of the coumarin acid. It thus 
appears that in the 8-(2-ethoxy-5-methyl-phenyl)-glutaconic acid (I) and in 
both the chalkone-acetic acids, there is a restricted rotation round the bond 
joining the B-carbon atom of the glutaconic acid to the phenolic ether 
(shown in thick line). Consequently the £-(2-ethoxy-5-methyl-phenyl)- 
glutaconic acid can be represented only by the formula (XIV) and the chalkone- 
acetic acid by (XVI). Thus it must be presumed that in the condensation 
of this glutaconic acid with p-cresol-ethylether, the formation of the chalkone- 
acetic acid has heen preceded by the change of the glutaconic acid from the 
structure (XIV) to (XV) which alone is capable of producing the indone-acid. 
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This great difference in the resulting condensation products, caused by the 
mere replacement of the methoxy group in the -cresol-methyl-ether by 
ethoxy group, is striking. 

Experimental. 

Condensation of p-cresol-ethylether with acetone-dicarboxylic acid.—Citric 
acid (200 g.) was finely powdered and covered with concentrated sulphuric 
acid (240 c.c.). The mixture was shaken well and fuming sulphuric acid 
(20 per cent. SO,; 80 c.c.) was gradually added. Immediately a vigorous 
reaction commenced with frothing and evolution of carbon monoxide, which 
was completed by heating on a water-bath at 60°C. with shaking at intervals, 
till a clear orange solution was obtained. It was cooled in a freezing mix- 
ture to a temperature of about 2-3°C. and p-cresol-ethylether (65 c.c.) 
was gradually added with shaking. After keeping at this temperature 
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for 3} hours, the reaction mixture was poured on 1000 g. of cracked ice, 
when the sticky mass thus separated turned into a brittle cake on keeping 
overnight. This was filtered, dissolved in dilute sodium carbonate solution, 
this solution washed with ether to remove any unchanged /-cresol-ethyl- 
ether and other neutral impurities and acidified. The semisolid mixture of acids 
thus obtained became granular on rubbing and keeping overnight with water. 
Vield 47 g. 


B-(2-ethoxy-5-methyl-phenyl)-glulaconic acidi—The above mixture of 
acids was treated with 4 litres of boiling water and filtered, when the 
filtrates on cooling deposited crystals of the glutaconic acid. It was recrystal- 
lised from water as colourless short rods m.p. 153° C. (decomp.). On treating 
with concentrated sulphuric acid at 60° C., or 80%, sulphuric acid overnight, 
it gave only the 6-methyl-coumarin-4-acetic acid m.p. 180°C. (decomp.) 
(Found: Eq=132; C=63-44% ; H=6-6% ; C,,H,,O, requires Eq =132 ; 
C=63-6% ; H=6-66%). 

The hydroxy-anhydride crystallised in colourless needles from benzene, 
m.p. 112°C. It titrates as a monobasic acid and gives phenolic colouration 
with ferric chloride in cold alcoholic solution (Found : Eq =243 ; C=68-15% ; 
H=:5-6% ; C,,H,,O, requires Eq =246 ; C=68-29% ; H=5-69%). 


The semianilide, prepared from the hydroxy anhydride and aniline in 
benzene solution, crystallised from 60° aqueous methyl alcohol in hexagonal 
plates m.p. 136°C. It decomposed after 150°C. temperature to give the 
anil described below (Found: C=70-5% ; H=6-1% ; CyoH.,0,N requires 
C=70-8% ; H=6-16%). 


The hydroxy-anil crystallised from 80° alcohol in yellowish silky needles 
mp. 163°C. (Found: C=74-5%; H=5:80%; CyoH,O,N requires 
C=74-76% ; H=5-90%). 


The monolactone of BB’-(22'-diethoxy-55'-dimethyl-diphenyl)-glutaric acid, 
—The water insoluble residue in the above (about 15 g.), on crystallisation 
from alcohol, melted between 190--200°C. This was esterified by alcohol 
and sulphuric acid and the resulting mixed esters were, by fractional 
crystallisation from 80% methyl alcohol, separated into two fractions, the 
more insoluble one melting at 124°C., and the other at 110-115°C. Hydro- 
lysis of the former gave the monolactonic acid which crystallised from alcohol 
in stout colourless needles, m.p. 205°C. yield 8g. The acid titrated as 
monobasic acid and gave an insoluble barium salt in the cold. The acid 
was soluble in alcohol, acetic acid, acetone, and insoluble in water, benzene, 
petrol or chloroform (Found : Eq =356 ; C=71-00% ; H=6-12% ; C,,H,,0, 
requires Eq =354 ; C=71-2% ; H=6-2%). 
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The ethyl-ester crystallised from methyl alcohol in colourless hexagonal 
rods m.p. 124°C. (Found: C=72-1%; H=6-72% ; CygHo0; requires 
C=72-25% ; H=6-8%). 

The 22'-diethoxy-55'-dimethyl-chalkone-a-acetic acid.—The more soluble 
fraction of the mixed ethyl esters melting between 110-115°C., was hydro- 
lysed by alcoholic potash, and the resulting mixture of acids melting between 
195-215° C., was dissolved in hot 15° sodium hydroxide solution. On 
cooling the solution gradually, colourless shining leaflets of a sodium salt 
separated, which were collected at the pump under strong suction, washed 
with small amounts of 10° sodium carbonate solution, and acidified in cold 
by hydrochloric acid. The acid coming out as a fine precipitate was filtered 
and crystallised from a large amount of alcohol in colourless rectangular 
plates m.p. 232°C. yield 2g. The acid is soluble in acetone, sparingly 
so.in alcohol and acetic acid, and insoluble in other organic solvents. It 
gave an insoluble barium salt in the cold. Its solution in alkali instanta- 
neously decolourised potassium permanganate solution. Its esters did not 
condense with aromatic aldehydes (Found: C=72-00%; H=6-7%; 
Ba=14-70% ; C.3H.2.0; requires C=72-25% ; H=6-8%; (C,3H.,O,).Ba 
requires Ba=15-25%). 

The ethyl-ester prepared by alcohol and sulphuric acid, crystallised from 
80% methyl alcohol in colourless parallelogramic plates, m.p. 133° C. (Found : 
C=72-9% ; H=7-24%; C,s5H»O; requires C=73-2% ; H=7-32%). 

Semicarbazone was prepared by refluxing the acid with semicarbazide 
hydrochloride and sodium acetate in alcoholic solution for 3 hours. On 
cooling, the semicarbazone separated and when recrystallised from alcohol 
melted at 264°C. (decomp.) (Found: C=65-3%; H=6-4% ; C.4H2,0;N; 
requires C=65-6% ; H=6-6%). 

Semicarbazone of the ethyl ester was obtained by refluxing the reactants 
in alcoholic solution for 7 hours. It crystallised from alcohol in needles 
m.p. 171°C. (decomp.) (Found: C=66-6%; H=6-85%; C,.H,,0;N; 
requires C=66-8% ; H=:7-06%). 

Condensation of B-(2-ethoxy-5-methyl-phenyl)-glutaconic acid with p-cresol- 
ethylether.—-The recrystallised glutaconic acid (10g.) was finely powdered 
and dissolved in previously ice-cooled 80% dilute sulphuric acid—1 vol. 
water: 4 vol. sulphuric acid—(50 c.c.). The p-cresol-ethylether (20 c.c.) 
was then added gradually with shaking at intervals. On continuing the 
shaking until the two layers disappeared—about 2 hours—the clear orange 
solution was allowed to stand at the room temperature for 20 hours. ‘This 
reaction mixture was then poured on 200g. of crushed ice, when a sticky 
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mass separated which became granular on keeping overnight. It was 
filtered, taken up in dilute sodium carbonate, the solution filtered, washed 
with ether to remove the excess of f-cresol-ethylether, and acidified by 
hydrochloric acid. The mixed acids were filtered and treated with 400 c.c. 
of boiling 10° aqueous acetic acid, then with 100c.c. of boiling water, 
filtered, and dried. Yield of mixed acids 3-5 yg. This was esterified by alcohol 
and sulphuric acid, and separated into the monolactonic acid m.p. 205°C. 
yield 2g., and the chalkone-acetic acid m.p. 232°C. yield 1g.; exactly 
as above. ‘The acetic acid filtrate on cooling gave the 6-methyl-coumarin- 
4-acetic acid. 

Action of 80% sulphuric acid on 22'-diethoxy-55'-dimethyl-diphenyl- 
chalkone-a-acetic acid: Formation of 7-ethoxy-4-methyl-3-keto-indone-acetic 
acid.—The chalkone-acetic acid (2-5 g.) was finely powdered and dissolved 
in 80% sulphuric acid by rubbing and warming a little. The red fluorescent 
solution on keeping over-night at the room temperature was poured in water, 
the precipitate taken up in dilute sodium carbonate, filtered and acidified. 
The acid was crystallised from alcohol in short yellow needles m.p. 216°C. 
(decomp.) ; yield 1g. The acid is sparingly soluble in alcohol and acetic 
acid and insoluble in water, benzene, petrol or chloroform. It titrates as 
a monobasic acid and gives intensely coloured solutions with caustic alkalies. 
This indone acid could not be obtained from the f-(2-ethoxy-5-methyl-phenyl)- 
glutaconic acid (Found: C=68-21%; H=5-65%; (C,,H,,O, requires 
C=68-3% ; H=5-7%). 


The ethyl-ester prepared from the acid by alcohol and sulphuric acid 
crystallised from 80% alcohol as yellow flat needles m.p. 169°C. (Found: 
C=-69-8% ; H=6-45%; CG .Hi0O, requires C=70-0%; H=6-57%). 


The semicarbazone was obtained by refluxing the reactants in alcoholic 
solution for 2 hours. Light needles m.p. 247°C. (decomp.) (Found: 
C=59-23% ; H=5-47%; C,;H,,O,N, requires C=59-4% ; H=5-6%). 


The semicarbazone of the ethyl ester crystallised from alcohol in yellow 
needles m.p. 208°C. (decomp.) (Found: C=61-51%; H=6-259 4; 
C,,H.,0,N, requires C=61-63% ; H=6-34%). 

The neutral compound from the above chalkone-acetic acid.—This was 
obtained by treating the chalkone-acetic acid m.p. 232° (2g.) with con- 
centrated sulphuric acid (10c.c.) at a temperature of 60°C. for 1 hour. The 
precipitate obtained on pouring the resulting fluorescent solution in water 
gradually became granular on keeping for few hours. It was filtered, treated 
with dilute sodium carbonate solution, and the insoluble portion was crystal- 
lised from methyl alcohol in rectangular plates m.p. 165°C. yield 1-5g. 
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(Found: C=75-5%; H=-6-46%; C.sH.,0, requires C=75-8%; H-= 
6 -6%). 

The semicarbazone was obtained by refluxing the neutral compound 
in alcoholic solution with the reagents for 3 hours, and crystallised from 
alcohol in parallelograiic plates m.p. 245° C. (decomp.) (Found : C=63 2%; 
H=6-3% ; monosemicarbazone C,,H»,O,N, requires C=68-4% ; H=6-4% ; 
disemicarbazone C,;HyO,N, requires C=62-76% ; H=6-28%). 

Action of sulphuric acid on the monolactonic acid m.p. 205° C. : Formation 
of the dilactone of BB’-(22'-diethoxy-55'-dimethyl-diphenyl)-glutaric acid.—The 
recrystallised monolactonic acid (5g.) was dissolved in concentrated sul- 
phuric acid (20c.c.) and the solution heated at a temperature of 60°C. for 
one hour. On pouring in 100c.c. of ice water and keeping overnight, the 
crystalline precipitate which separated was filtered and treated with boiling 
dilute sodium carbonate. The sodium carbonate filtrates on acidification 
gave the 6-methyl-coumarin-4-acetic acid (yield 1 g.) m.p. 180°C. (decomp.). 
The neutral dilactone insoluble in sodium carbonate was washed with water 
and crystallised from 100c.c. methyl alcohol in colourless pyramids m.p. 
184°C. (yield 3g.) (Found: C=73-90% ; H=5-14% ; CygHigO, requires 
C=74-00% ; H=5-2%). Action of 80% sulphuric acid on the monolactonic 
acid overnight produced only the 6-methyl-coumarin-4-acetic acid, and no 
neutral dilactone. The dilactone slowly went in solution in boiling caustic 
alkalies, which on acidification carefully after cooling in ice gave an acid, 
which decomposed at 110°C. and produced the original dilactone. This acid 
gave intense phenolic colouration with ferric chloride in cold alcoholic solution 
which disappeared on warming. All the attempts to purify this acid were 
rendered futile, each time the dilactone being the resulting product. 

Hydrolysis and ethylation of the dilactone m.p. 184°C.: Formation of 
BB’ -(22'-diethoxy-55’-dimethyl-diphenyl)-glutaric acid.—The neutral dilactone 
(1-5 g.) was finely powdered and refluxed with (30 c.c.) of 25°% sodium 
hydroxide solution, when it gradually dissolved. The pale yellow solution 
was filtered and heated on a small flame just to boiling, while freshly distilled 
diethyl-sulphate (6c.c.) was gradually run in during about 20 minutes; 
shaking the reaction mixture at frequent intervals. The resulting liquid 
was refluxed for 15 minutes, when the diethyl ester of the glutaric acid 
separated as a yellow oil, which solidified to a colourless crystalline mass 
on cooling to the room temperature. It was filtered, dried in a vacuum 
over calcium chloride, and crystallised from methyl alcohol, obtaining thus 
(1-2g.) of colourless parallelogramic plates m.p. 82°C. Hydrolysis of the 
diethyl ester with alcoholic potash furnished the glutaric acid which crys- 
tallised from alcohol in colourless parallelogramic plates, m.p. 219° C. 
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\decomp.). Some more of the glutaric acid was obtained by cooling the 
above alkali filtrates in ice, when its sodium salt separated as colourless silky 
needles. These were filtered, treated with boiling dilute hydrochloric acid 
for a while, again filtered, washed with water, and taken up in dilute sodium 
carbonate solution. Any undissolved neutral product was filtered out and 
the solution acidified, thus giving (0-5g.) more of the glutaric acid. The 
glutaric acid is soluble in acetone and acetic acid, sparingly so in alcohol 
or ethyl acetate and insoluble in water, petrol, or benzene. It gave an in- 
soluble barium salt in cold (Found: C=68-92% ; H=6-96% ; Eq=201; 
C,sH2,0, requires C=69-00%; H=7-00%; Eq=200. Found: Ba= 
25-29% ; CogHa,0,Ba requires Ba=25-6%). 

The glutaric acid, by warming with concentrated sulphuric acid, gave 
a mixture mainly of the dilactone in.p. 184° C. and 6-methyl-coumarin-4-acetic 
acid, with a small amount of the monolactonic acid m.p. 205°C. Similarly 
the monolactonic acid (2 g.) by hydrolysis and ethylation with 25°% sodium 
hydroxide (25c.c.) and diethyl sulphate (5c.c.) gave the glutaric acid m.p. 
219° C. (decomp.). 

The diethyl ester could also be prepared from the glutaric acid by alcohol 
and sulphuric acid (Found: C=70-8%; H=7-8%; Co,HgO, requires 
C=71-00%; H=7-90%). 

The dimethyl ester crystallised from methyl alcohol in colourless flat 
needles, m.p. 105°C. (Found: C=69-90% ; H=7-4%; C,s;Hs,0, requires 
C=70-10% ; H=7-47%). 

Unlike the glutaconic acids, these glutaric esters do not condense with 
aromatic aldehydes. On condensing the dimethyl ester (1 mol.) with dimethyl 
oxalate (3 mols.) in the presence of sodium methoxide, according to 
Dieckemann’s method,? most of it was recovered unchanged. Very small 
amount of a substance melting above 160°C. was however obtained as a 
more soluble fraction, which on further exaniination appeared to be a complex 
mixture. 

The anhydride was prepared from the glutaric acid by the action of acetic 
anhydride or by thermal decomposition at 220°C. temperature. It crystal- 
lised from benzene in colourless flat rods, m.p. 189°C. It is insoluble even 
in caustic alkalies, and does not give any colouration with ferric chloride in 
cold alcoholic solution: (Found: C=72-08%; H=6-73%; C3H2,0,; 
requires C=72-25% ; H=6-8%). 

The acid-anilide of the glutaric acid was prepared from the above an- 
hydride and aniline in benzene solution, and crystallised from 80% alcohol 
in colourless silky needles m.p. 193°C. (decomp.) (Found: C=73-00% ; 
H=6-7%; CspH,,0;N requires C=73-24% ; H=6-9%). 
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The anil is formed by the action of aniline on the glutaric acid at a tem- 
perature of 220°C. or by the decomposition of the above acid anilide at its 
melting point. It was crystallised from alcohol in colourless rectangular 
prisms m.p. 216°C. It is insoluble in even boiling caustic alkalies and does 
not give any colouration with ferric chloride (Found: C=75-91% ; 
H=6-62% ; CsgHs,0,N requires C=76-15% ; H=6-78%). 

BB’-(22'-dimethoxy-55'-dimethyl-diphenyl)-glutaric acid.—This dimethoxy 
acid corresponding to the diethoxy, could not be had either in the condensa- 
tion of p-cresol-methylether with acetone-dicarboxylic acid, or by condensing 
the §-(2-methoxy-5-methyl-phenyl)-glutaconic acid with /-cresol-methyl- 
ether (see below). This glutaric acid was however prepared from the above 
dilactone m.p. 184°C. by hydrolysis and methylation. The compound 
crystallised from alcohol in colourless rectangular prisms, m.p. 192°C. 
(decomp.). It gave an insoluble barium salt in cold (Found: C=67-62% ; 
H=6-38% ; ‘Eq.=188; (C,,H,O, requires C=67-74%; H=6-45%; 
Eq. =186). 

Condensation of p-cresol-methylether with acetone-dicarboxylic acid (im- 
proved method).—Finely powdered citric acid (200 g.) was mixed with con- 
centrated sulphuric acid (200c.c.) and fuming sulphuric acid (20% SO,, 
120 c.c.) was later added. The mixture was shaken well and heated on a 
water bath at 60° C. temperature till the evolution of carbon monoxide stopped 
and a clear orange solution was obtained. This was cooled in a freezing 
mixture, p-cresol-methylether (80c.c.) gradually added with shaking and 
the reaction mixture, on standing for 3 hours, poured over 800 g. of crushed 
ice. The thus separated sticky solid became crystalline on keeping over- 
night, was then filtered, and treated with dilute sodium carbonate solution 
to remove any unchanged /-cresol-methylether, when on acidification 52 g. 
of mixed acids were obtained. This was treated with boiling 10% acetic 
acid (1000c.c.) and filtered, when the filtrate on cooling deposited crystals 
of the 8-(2-methoxy-5-methyl-phenyl)-glutaconic acid. The glutaconic acid 
crystallised from water in colourless rectangular plates m.p. 167° C. (decomp.). 
yogte and Limaye® give the m.p. 169° C. (decomp.). 

22'-dimethoxy-55'-dimethyl-chalkone-a-acetic acid.—The portion insoluble 
in acetic acid in above, was crystallised from alcohol. This was dissolved 
in least amount of boiling 10%, sodium carbonate solution, which on cooling 
deposited the sodium salt of the chalkone-acetic acid as colourless leaflets. 
These were collected at the pump under strong suction, acidified with hydro- 
chloric acid, and the chalkone-acetic acid thus obtained was recrystallised 
from alcohol in colourless parallelogramic plates, m.p. 252°C. yield 12g. 
The acid is a remarkably stable compound being unchanged even on fusion 























Chemistry of B-Aryl Glutaconic Acids 197 


with solid potash. It is soluble in acetone, sparingly so in acetic acid or 
alcohol, and insoluble in other organic solvents. It gave an insoluble barium 
salt in cold. Its ethyl ester did not condense with aromatic aldehydes 
(Found : C=71-00% ; H=6-13% ; Eq. =346 ; C,,H..O; requires C=71-2%; 
H=6:2%; Eq.=354. Found: Ba=15-6%; (C,,H2,0;).Ba requires 
Ba=16-25°%). 

*The ethyl-ester crystallised from 70% methyl alcohol in parallelogramic 
plates m.p. 122°C. (Found: C=72-1%; H=6-7%; (Cy3H2,O; requires 
C=72-24%; H=6-8%). 

*The semicarbazone was obtained by refluxing the alcoholic solution of the 
chalkone-acetic acid with semicarbazide hydrochloride and sodium acetate 
for 4 hours. When recrystallised from alcohol, it melted at 277° C. (decomp.) 
(Found : C=64-00% ; H=5-92% ; C..H:,0;N, requires C=64-24% ; H= 
6.08%). 

*The semicarbazone of the ethyl-ester crystallised from alcohol in colourless 
needles m.p. 219°C. (decomp.) (Found: C=65-38%; H=6-44%; 
C,4H.,O;N, requires C=65-6% ; H=6-6%). 

Synthesis of the chalkone-acetic acid m.p. 252°C. from B-(2-methoxy- 
5-methyl-phenyl)-glutaconic acid and p-cresol-methylether.-—The glutaconic 
acid (5 g.) was finely powdered and dissolved in previously ice-cooled dilute— 
4 vols. acid: 1 vol. water—sulphuric acid (40c.c.). -cresol-methylether 
(10 c.c.) was then gradually added with shaking and the whole allowed to 
stand overnight at the room temperature. On pouring the reaction mixture 
on 100 g. of powdered ice, a partly sticky mass, becoming granular on keep- 
ing for few hours, separated. It was filtered, washed, treated with 
100c.c. of boiling 10°4 aqueous acetic acid, and filtered. The chalkone- 
acetic acid insoluble in acetic acid, was purified as above. Yield 1-5g. The 
acetic acid filtrates on cooling gave the 6-methyl-coumarin-4-acetic acid. 

Action of sulphuric acid on the chalkone-acetic acid m.p. 252° C.—On keep- 
ing a solution of the chalkone-acetic acid (2 g.) in 80% sulphuric acid (15 ¢.c.) 
overnight at room temperature, the indone-acetic acid (1-1 g.) melting at 
218° C. (decomp.), was obtained, and was found identical with that described 
by Gogte and Limaye.’ Action of concentrated sulphuric acid (10 c.c.) 
on the glutaconic acid (2 g.) at 60° C. for 1 hour, gave on pouring the reaction 
mixture in water and filtering, 1-4 g. of a precipitate. It was washed with 
boiling water, treated with boiling dilute sodium carbonate solution and 





* These three compounds had been described. in the M.Sc. Thesis of the author, but 
the melting points of the latter two were given as 272°C., and 212°C., and their method 
of preparation was also different. 











198 G. R. Gogte 


separated into 0-6 g. of the above indone-acetic acid and 0-8 g. of a neutral 
compound. ‘This was recrystallised from 40 c.c. of alcohol in parallelogramic 
plates m.p. 214°C. (Found: C=74-87% ; H=5-82% ; Cy,H2O, requires 
C=75-00% ; H=5-95%). 

The semicarbazone of the neutral melted at 263°C. (decomp.) (Found: 
C=61-65% ; H=5-6% ; disemicarbazone, C,3;H2,0,N, requires C=61 -30% ; 
H=5-78%; monosemicarbazone C,.H,,0,N; requires C=67-17%; H= 
5 +85%). 

Benzylidene derivative of the neutral—The neutral compound was dis- 
solved in alcohol and refluxed with benzaldehyde and alcoholic potash for 
onehour. Alcohol was evaporated, the residue rubbed with water to remove 
the alkali, and the unreacted benzaldehyde removed with steam. On crystal- 
lisation from alcohol the benzylidene compound melted at 174°C. (Found: 
C=78-7% ; H=5-41% ; C,,H2,0, requires C=79-24% ; H=5-66%). 

The ethyl-ester of the above chalkone-acetic acid m.p. 252°C., when 
treated with concentrated sulphuric acid at 50-60°C. produced the ethyl 
ester m.p. 158°C . of the above indone-acetic acid m.p. 218° C., mainly and 
a small amount of the indone-acetic acid itself, but the above neutral 
compound m.p. 214°C. could not be detected. Concentrated nitric acid at 
room temperature transformed the chalkone-acetic acid into the indone-acetic 
acid, and hence its oxidation with nitric acid yielded the phthalic anhydride 
m.p. 186° C. identical with that obtained by Limaye and Gogte® (Ref. M.Sc. 
Thesis of the author). 

The author wishes to thank Dr. P. C. Guha, D.Sc., for the encourage- 
ment he has given and the facilities provided in carrying out the present 
investigation ; and also to Prof. D. B. Limaye, Poona, for the helpful sug- 
gestions he gave during the progress of this work, as well as Part I of this 
series. 

NoTE :—With regard to Part I of this series (This Journal Vol. I, No. 1, 
pp. 48-60) the author wishes to state the following :—The words ‘‘while work- 
ing at the Ranade Institute for his M.Sc. Thesis’’ should be inserted after 
the sentence “‘in extending Limaye and Bhave’s method” (p. 48, line 2 
from bottom). The new method of synthesis of B-aryl glutaconic acids 
described therein, was discovered in the case of the glutaconic acids from #- 
and m-cresol-methylethers, during the last term of the stay of the author 
at the Ranade Institute, Poona, and the extension of this new method of 
synthesis to the glutaconic acids of the naphthol series, was carried out at 
the Indian Institute of Science, Bangalore. 
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§1. In this paper, I prove two generalisations of Wilson’s Theorem 
and some potency properties of G (p¥—1, rv). I make a free use of the 
results proved in an earlier paper. G (n,7) denotes the sum of the 
products of the first m natural numbers taken y at a time. I denote 


by G (a, r) the sum of the products taken 7 at a time of all numbers less 
asx 


than and prime tom. # stands in general for an odd prime unless stated 
otherwise. 


§2. Theorem. G [np—1, m(p—1)]=(—1)” (7) (mod. p). 
I have shown? that 

G (p+), 7) 
and 


Mi 


G (7, r) (mod. p) ; O0<r<p—2; ae $i (3-3)4 
G (j, r)—G (7, r—p +1) (mod. p);r>p—1. .. (3-31)4 


Applying these reductions k times, we get 


Ii 


m 


El (—a (1) 6 t—&) 9-1, (ma) (0—0)] 
(mod. 4). 


G [np—1, m (p—1)] 


Let k = n—1, then 
G [np—1, m (p—1)] 


(—1) ("") G (@—1, p—-1) + (- 1) 


G (p—1, 0) (“") (mod. 9), 


(-1)"(") (mod. p), since? G (p—1, p—1) 
—1 (mod. ). 


Ul 


In fact, if y #0 (mod. p—1), 
then G (np—1, r) = 0 (mod. ). 
For, let r=s (mod. p—1),1 <s < p—2. 
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Then reducing (n—1) times as before, we get 


a 
G (np—1, rv) = (-—1)” (" )e (p—1, s) (mod. p), where m = Fal 
0 (mod. f), since? G (p—1, s) = 0 (mod. f). 
In particular G (p¥—1, 7) = 0 (mod. p), except when 7=0 or ¢ (p*). 
§3. Theorem. G[p“—1, ¢ (p*)] = + 1 (mod. p"),u>1,p > 2 
It is easily shown that 


Ill 


Gp", $m] = G fa. 8 (om) +” E tor G (pA—1, 9) 
Sight $ (68) — 1 
when a > 3, we have? ~p” G ee 1, r) = 0 (mod. p*). 
Hence, G [p"—1, ¢ (p¥)] = IL (a) = —1 (mod. p¥), p > 3, 
when p= 2, and u=1,2;G a ase d (p“)]} = —1 (mod. p*%), 


when p= 2, and u > 3, 
pr G (pxt—l, r) = 0 (mod. pr), r=1,2; 

= 0 (mod. p*), 7 > 3. 
Moreover G [a, d (p”)—7] : nel "| (m mod. 2), 


a<- p* 
= 0 (mod. 2), since u > 3,7 = 1, 2. 


Hence G [p*—1, 6 (p”)] = Il ye = 1 (mod. p”), p = 2, u > 3. 


a< “pl 


Thus G [p"— 1, ¢ (p*)] II (a), p > 2,u >1; (mod. p”). 
a<+p# 


In general G (p*—1, 7) = G (a, 7) (mod. p%), p > 


a<. pi 


and = G (a, 17) (mod. p*), p= 2. 


a< +p 


In particular when 7 > ¢ (p*), 


G (px—1, 7) = 0 (mod. prrlal), p> 
§4. Let w (7) denote the p-potency of G (p”—1, 7), p>3, r>1, u>l. 


Then we have? 


corun=(%)+2[omun(er)} om 


lil 


Vv 


3; 


If in this equation 7 is given in succession the values 1, 2, 3...... , p-2, 
we easily prove that w (7) >u,1 <7 <p—2. es - (A) 


Putting p—1 for 7, we get w (p—1) = u—1. 

















On the p-Potency of G (p—1, r) 


mec Ge-t= Eifel FO as. (-3y 


m=1Lin 2r—m+1 
Where the /’s are positive integers! given recursively by 


{0 = Ar—m [fe-N + Fr—-D)L f= 


when r > #, it is easily proved that 





f(r) = 0 (mod. ), m = 1, 2,3, ...., p— 4+ [SE] 
also f(r) = 0 (mod. p), m= 7, r—1, r—2,...., r+1—[ =]. 
Let 8 be the p-potency of the most potent of the integers 
r—1 r—1 r—1 
r+1+ [= ifr tet [75]. r+34 [=]. Loses (744) 
2r+4 
< oi, thea 
Then w (r) > u— B, r > p. ‘i os - - (B) 
Moreover, 2 G (p¥—1, 2¢+1) = oa p* G (p¥—1, 22), 4 > 1, 
(mod. p >2x), - e si és (3-1)4 
Hence w (2¢+1) > 2u—Brty, : “a es (C) 
where y is the p-potency of (27 +1), ~ po< 4i i < phn, 
In particular w (p38) > 2u 1 <8. C. ~- “a ai (D) 
§5. Theorem. w [bd (pA)] = u—-A,0 <A <u, p> 2. 
J A ti 
We have’ G (p*—1, r) ge api ("). ‘ete )} ¥ ‘= G:3}* 


where the f’s are positive integers independent of p and u. Let r=¢ (pA), 
then the p-potency of G (p™—1, ¢ (pA) will be definitely known if from 
the terms on the right-hand side of (1-3)*, we can single out one with a 
potency less than that of any and every other of the terms. 


I proceed to show that such a term is 
p* 
(2). 1=8 (ON, m=pr— 2p 1. 


Since G [pA—1, ¢ (pA)] is 0-potent in p, 
therefore f (r) is 0-potent in d ; r=¢ (pA). 
pA — 2A 41 
Moreover, 
u le 
(4) is less potent in # than every other member of ( ) 
4 


where 1+¢ (pA) < t < 2¢ (pA). 
A7 
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Hence w [¢ (pA)]=u—A, O<A <u. i a“ sa (E) 
In view of the results of §3, we now get 
G [a, 6 (pA)] = 0 (mod. p<-A), p > 2,1 < AK 4. ee (F) 
a<-+p# 
In other words G [p“—1, ¢ (pA)] and G [a,4(pA)],p>2,1 <A <u, 
a<+p% 


are equi-potent in #. 


ie 
§6. Theorem. w (p¥—2) => —— — 2u+y, u > 1, 


p-—l1 
where x = 1, 2 or 3 according as p=2, 3, or > 3. 
o*M-1 1 
We have G (p"—1, p*—2) =(p¥—1)! J = 
a=1 
=(p"—1) i Se ees ‘| 
a<+pt% Pac. pure Py a<+p% 


The theorem follows immediately from Wolstenholme’s Theorem,' v7z., 
zr tse (mod. p*“), 
a<+pht 


where /=0, 1, 2, according as p= > 3, 3, or 2. 
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Ir1pIuM is practically the only element whose isotopic constitution has not 
so far been revealed by the mass-spectrograph. The present authors have 
arrived at the isotopic constitution of platinum from a study of the hyperfine 
structure of its arc lines.1 | Almost simultaneously Dempster® has published 
the isotopic analysis of this element with the aid of his mass-spectrograph, 
He has more recently studied the isotopes of palladium and gold,’ whose 
hyperfine structure data obtained by one of us is under publication. Of the 
four elements, viz., Pd, Ir, Pt and Au, mentioned by Aston‘ as having with- 
stood attempts to arrive at their isotopic constitution by the use of the mass- 
spectrograph, iridium alone remained without any information in this respect. 
A study of the hyperfine structure of the arc lines of iridium was undertaken 
with the view of determining its isotopes as well as their nuclear spins. 

The hollow cathode used in this investigation is exactly similar to the 
one used previously ;> instead of the platinum foil, an iridium sheet (supplied 
by Messrs. Johnson Matthey & Co., Ltd., London) was inserted in the 
hollow cathode. A discharge current of about 200 mA. ,at 1000 v. brings up 
the iridium arc lines arising from transitions to the low-lying levels with 
enough intensity to enable a study of their hyperfine structure. The ad- 
vantage of the particular type of hollow cathode employed here lies in the 
fact that only a few lines corresponding to transitions to ground and near 
low-lying levels are excited without any reversal. Fig. 1 shows that in 
platinum as well as in iridium the lines for which the hyperfine structure 
study has been possible are those arising from transitions to a few of the 
deepest levels only. It is a matter of great advantage in hyperfine structure 
work to obtain such significant lines of an element intensely without any 
complications of self-reversal. 





1 Venkatesachar and Sibaiya, Nature, 1935, 136, 65. 

2? Dempster, Nature, 1935, 135, 993. 

3 Dempster, Nature, 1935, 136, 65. 

* Aston, Proc. Roy. Soc., 1935, 149, 404. 

5 Venkatesachar and Sibaiya, Proc, Ind. Acad, Sci., 1935, 1, 955-960, 
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FIG. 1, Arc lines of platinum and iridium analysed. (Not to Scale.) 

The spin separations even in the deepest levels of iridium are so small 
that many of the arc lines just appear widened and exhibit no structure. 
The three arc lines AA 3800-10, 3513-67 and 2924-81 A have a common lower 
level in the ground term A ‘4F, according to Albertson. These three lines 
exhibit similar structure; but the components are so very close together 
that accurate measurements have been possible only in the intense line 
\ 3513-67 A. The similarity in structure and the approximate equality of 
the component separations suggest that the structure in these lines must be 
attributed to a spin splitting of the ground term A ‘F,, with the upper levels 
unsplit. A 3513-67 A exhibits the following structure in cm.—! and the visual 
estimates of relative intensity are included in brackets: 


IrI A 3513-67 A (5d°6s 4F,3 —5d 6p 4G%,3) 





dy in em,—! (Int.) | Remarks 
| 





+0-072 (7) This component appears as a continuous 
patch between +0-072 and 0-000, indi- 
cating the presence of an expected satellite 
at +0-033 (9), vide Pl VIII. 

0-000 (22 Broad. 


—0-073 (13) 


—0-145 (9) 








6 Albertson, Phys. Rev., 1932, 42, 443, 
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Judging from the known isotopic constitution of elements with odd 
atomic numbers, iridium can have either one or two odd isotopes. If one 
assumes the existence of only one isotope, the chemical atomic weight 193-1 
suggests that the isotope is Ir 193. No value of nuclear spin for Ir 193 even 
with the lower and upper levels both split can give the observed structure ; 
this fact has been established by the method of Fisher and Goudsmit em- 
ployed for explaining the structure of insufficiently resolved lines. Another 
alternative is that iridium should consist of two isotopes Ir 193 and Ir 195, 
because the chemical atomic weight is 193-1. Examining all the known 
odd isotopes of elements, it is found that 191 and 193 are the only two odd 
mass numbers missing in the neighbourhood of iridium ; 195 has been pre- 
viously shown to exist in platinum.’> It appears further that the isotopes 
of an element with odd atomic number usually have no isobars in appre- 
ciable quantity. Since the isotope of mass 195 exists to an extent of about 
30% in platinum,’ the existence of Ir 195 in any quantity is very improbable. 
Remembering that no element with odd atomic number exhibits more than two 
odd isotopes, one need only consider 191 and 193 as the isotopes of iridium. 
Examining the data on the atomic weight determinations of iridium, it is 
found that there is great divergence in the values given by various investi- 
gators ranging from 192-59 to 193-40. In these circumstances much im- 
portance cannot be attached to the value of the atomic weight 193-1. In 
many cases where the mass-spectrograph has decided against the chemical 
atomic weight as in Tb, Tm, Au, Ta, etc., the chemical atomic weight has 
been in excess of the true value. The observed structure of the lines is 
accounted for uniquely by assuming the existence of the two isotopes 
191 and 193 with the respective nuclear moments of } Ld and $ =. The 





Ai=0 | Ai=+ 1 





a z i 
C1 35, 37 5 
Cu —- 63, 65 3 Hg 199 % Hg 201 3 
Ga 69, 71 3 
Br 79, 81 4 Rb 87 3 Rb 85 g 
Cad 111,113 ra 
Sn 117, 119 3 Sb 121 $ Sb 123 $2? 
Ba 135,137 5 
Fu 151, 153 5 Xe 129 4 Xe 131 3 
Re 185, 187 5 
Tl 203, 205 3 Ir 191 4 Tr 193 3 








7 Venkatesachar and Sibaiya, Proc, Ind. Acad, Sci., 1935, 2, 101-103, 
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addition of two neutrons to the nucleus of the odd isotope of lower mass 
gives rise to an odd isotope of heavier mass with a change in nuclear spin 
of either 0 or +1; the change is 0 when the two added neutrons have 
opposite spin moments and is +1 when their spins have the same sign. 
Tamm and Altschuler® also consider that sometimes two neutrons do not 
form a closed shell with zero spin, but add up to giveaspin of 1. The above 
table contains all the known cases where the nuclear spin change between 
two odd isotopes of an element is either 0 or +1. 
4 8... 4,° 
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8 Tamm and Altschuler, “Ac”, U.R.S.S., 1934, 1, 455, 
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The observed structure of \ 3513-67 A is explained on the basis of two 
isotopes 191 and 193 with nuclear spins of 4 and $ respectively in Fig. 2. 
The eye-estimates of the intensities of the components is consistent with 
theoretical expectations and give for the relative abundance of the isotopes 
191 and 193 a ratio approximately equal to 1:2. The correct ratio however 
must await a microphotometric study of the structure pattern. The above 
estimate gives an atomic weight of 192-4, which is perhaps a little too low. 
There is no doubt however that the accepted chemical atomic weight is too 
high, and that the correct atomic weight of iridium must lie between 192 
and 193. An accurate estimate of the relative abundance of the isotopes 
js further impeded by the uncertainty of the J-value of the ground term ; 
Meggers and Laporte give it as 2} while Albertson gives it as 44. The ground 
term exhibits an isotope displacement of 0-057 cm.—! with the heavier isotope 
lying deeper as in the cases of copper and thallium.® The existence of this 
isotope shift favours the suggestion that the ground term of iridium is a 
‘Fy term as suggested by Albertson arising from an electronic configuration 
5s*5p*5d*6s in preference to a *D;,. term from 5s*5p®5d® as given by Meggers 
and Laporte!®. It isfor this reason that the J-value of the ground term has 
been here assumed as 4} in calculations of intensity, intervals and isotope 
shift. The incompletely resolved patterns of a few other IrI lines 3220-79, 
2694-22, 2664-77 and 2639-70 support the conclusions obtained above 
regarding the isotopes of iridium and their nuclear spin. ‘The fine structure 
levels in B*4F,3 of Albertson are regular in Ir 191 and inverted in Ir 193, 
while in A‘F,, the reverse is the case. The ratio of the nuclear magnetic 
moments of the two isotopes is therefore about —1-0. 


Summary. 


The hyperfine structure patterns of some of the significant arc lines of 
iridium have been photographed using as source a hollow cathode tube 
already described in a paper by the authors on the isotopic constitution of 
platinum. An examination of the hyperfine structure data of the iridium 
lines leads to the result that it consists of two isotopes with nuclear spins 
eo and $ Ls A consideration of known facts regarding the occurrence 
of isotopes of different mass numbers in the various elements has led to the 
inference that the mass numbers of the two iridium isotopes are 191 and 193 
with a relative abundance of nearly 1: 2, the isotope with the higher mass 
number having the higher nuclear spin. 





® Venkatesachar and Sibaiya, Proc. Ind. Acad. Sci., 1934, 1, 13. 
10 Meggers and Laporte, Phys. Rev., 1926, 28, 660. 
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7. Introduction. 


WHILE investigating the polarisation of light-scattering in cyclohexane for 
different wavelengths an intense continuous spectrum in the region 2700- 
4000 A was found to have developed after long exposures which interfered 
with the depolarisation measurements. A study of this fluorescence was 
therefore taken up in order to ascertain its cause so that it could be avoided 
if possible. It was found that Haberl' had noticed this phenomenon a few 
months earlier and had arrived at certain conclusions regarding the nature 
and origin of the fluorescence in cyclohexane. Since the observations of 
the author do not agree with those of Haberl and lead to entirely different 
results it has been thought worthwhile to publish them. 
2. Experimental. 


The apparatus used for the investigation was made completely of silica 
and consisted of a distilling flask to which a tube closed at both ends was 
attached. The requisite amount of pure cyclohexane was introduced into 
the apparatus which was then evacuated and sealed off. After repeated 
distillations the pure dust-free liquid which collected in the tube was used 
for the work. ‘The light from a quartz mercury point source lamp was 
focussed on to its side with a quarter condenser and the light scattered at 
right angles was examined with a quartz spectrograph (dispersion: 40 A 
per m.m. at A=4000 A). 

3. Preparation of Pure Cyclohexane. 

250 gms. of cyclohexane (T. Schuchardt) labelled as “‘ pure’’ were 
agitated thoroughly with oleum for 10 hours on a shaking machine, washed 
tepeatedly with a dilute suspension of precipitated chalk and then with 
distilled water after which it was distilled twice over anhydrous calcium 
chloride in an all-glass apparatus using a Widmer-Schenck column for frac- 
tionation. The boiling point was steady at 77° (pressure=680m.m.). The 
middle fraction was used for the experiment. 


1 Ann. der Physik., 1934, 21, 301. 
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4. Nature of the Fluorescence Spectrum. 


According to Haberl (oc. cit.) the fluorescence band has two maxima 
at A=2900 A and 4000 A respectively, the latter being nearly as intense as 
the scattered 4046 line of mercury. The phenomenon, according to him, 
is constant and reproducible, while long irradiation with a mercury arc has 
no influence. The present observations, however, point to a wholly different 
conclusion. For example, it was noticed at the outset that, under identical 
conditions, such as time of exposure, intensity of incident light, etc., the 
fluorescence spectrum varied from experiment to experiment. At first 
only a feeble continuous spectrum from 2700-2900 A was observed but with 
successive exposures the intensity increased while the spectrum gradually 
extended towards the side of longer wavelengths. After illuminating the 
substance for 8 hours with a quartz mercury arc, it was noticed that the 
light track, barely perceptible before, was now clearly visible. The fluores- 
cence band was also found to have extended into the visible spectrum and 
although in the absence of a microphotometric record the exact positions 
of the maxima could not be located, there appeared to be a rough agreement 
with the results of Haberl. It appears therefore that his picture of the 
fluorescence spectrum has been obtained with a sample which had been 
strongly illuminated with ultraviolet light. His experimental arrangement 
in which a large mercury arc is placed alongside the tube containing the 
substance? is quite in contrast to the feeble mercury point source (about 2 
amperes at 10 volts) used in the present work and supports such a conclusion, 
The strong fluorescence in the irradiated substance was found to be com- 
pletely removed by distilling it twice or thrice indicating thereby that the 
constituents responsible for the fluorescence are non-volatile. 


5. Is Fluorescence a Characteristic of Pure Cyclohexane ? 


The above observations suggest that, on exposure to the ultraviolet, 
some photochemical decomposition takes place and the products of decom- 
position give rise to the observed fluorescence. ‘This is further illustrated 
by the following experiment :—Two pictures of the fluorescence spectrum 
were taken on a single plate, the first with an exposure-time of one hour 
while the second was taken with four exposures of 15 minutes each, the 
liquid being distilled afresh after every exposure. The intensity of the 
fluorescence was distinctly greater in the former case. In order to decide 
definitely whether the fluorescence could be wholly ascribed to the products 
of photochemical action, an apparatus was designed (Fig. 1) in which the 


2 Haberl, Ann..der Physik., 1934, 21, 301. 
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Apparatus for Continuous Distillation. 


substance could be continuously renewed by distillation. The arrangement 
of Pal and Sen Gupta® was first tried but was not found to work satisfac- 
torily on account of two reasons: (1) The inlet and outlet tubes are both 
situated on the upper side and hence only the top layer of the liquid is 
renewed, the main bulk of the liquid remaining unchanged. (2) The dis- 
tilling flask being at a lower level, the liquid siphons out intermittently from 
the tube. In the apparatus illustrated above, these difficulties have been 
avoided (1) by placing the inlet on the under surface of the tube and (2) by 
blowing a small bulb on the outlet tube so as to avoid the siphoning action. 
If the distilling vessel is kept immersed in hot water, liquid enters and flows 
out of the tube in a continuous stream. The apparatus was made of pyrex 
glass except for the two quartz windows which were stuck on with a solution 
of sodium silicate. It was found that, with this arrangement, even an ex- 
posure of 6 hours, did not show any continuous spectrum on the plate (Fig. 2). 
A picture taken without the substance being renewed by continuous dis- 
tillation is also shown side by side for comparison. The contrast is clearly 
noticeable. This experiment furnishes definite proof that pure cyclohexane 
has no fluorescence at all. 


6. Origin of the Fluorescence. 

It became of interest now to examine what wavelengths are photo- 
chemically active in the above reaction. According to Haberl, the inter- 
position of a thin glass plate in the path of the incident light which cuts off 
all wavelengths less than A=3000 A removes the fluorescence completely. 
He concludes therefrom that the resonance line A=2537 A is perhaps 
tesponsible for the fluorescence. A picture was taken with a filter of 1 cm. 





3 Ind. Jour. Phys., 1930, 5, 609. 
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thickness of carbon tetrachloride to cut off all wavelengths less than A= 
2600 A in the incident light. The picture obtained was quite free from any 
continuous spectrum, suggesting thereby that only wavelengths less than 
A=2600 A were responsible for the decomposition.* A similar experiment, 
however, using a 5 m.m. thickness of 2 molal solution of acetic acid as filter 
which absorbs all wavelengths transmitted by quartz but less than 2400 A‘ 
shows the fluorescent spectrum with almost undiminished intensity. Since 
the resonance line \:=2537 A is by far the strongest line of the mercury are 
in the region 2400-2600 A this wavelength seems to be largely responsible 
for exciting the fluorescence spectrum. 

Further work on the nature of the photochemical reaction is in progress. 


In conclusion, the author wishes to express his grateful thanks to Sir 
C. V. Raman, Kt., F.R.S., N.L., for his valuable help and guidance during the 
progress oi this investigation. 

Summary. 

(1) An apparatus for continuous distillation has been described which 
works satisfactorily and is free from the defects of the arrangement described 
by Pal and Sen Gupta.® 

(2) With the help of the above apparatus pure cyclohexane is shown 
to have no fluorescence; that reported by Haberl® has been proved to be 
due to products of photochemical decomposition. 

(3) The wavelengths in the region A=2400-2606 A have been found 
to be active in the above reaction. 





* Contrary to the observations of Haberl, in the case of cyclohexane which had been 
exposed to the mercury arc for some time, the fluorescence in the visible is not removed by 
introducing a glass plate in the path of the incident light. The intensity of the fluorescence, 
however, is somewhat diminished as can be seen from the photographs (Figs. 3 and 4). This 
shows the necessity for distinguishing between wavelengths responsible for photochemical 
action and wavelengths capable of exciting fluorescence. 

4 Kishakowsky and Nelles, Phys. Rev., 1932, 41, 595. 


5 Ind. Jour. Phys., 1930, 5, 609. 
6 Ann. der Phys., 1934, 21, 301. 
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Fia.3. Fluorescence spectrum of irradiated cyclohexane, exposure 
2 hours 
2 Se 


Fie. 4. Fluorescence spectrum with glass plate in the path of the incident 
light, exposure 2 hours. 
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IN connection with work previously published on the dielectric coefficients 
of gases,’ approximate measurements of compressibility at different tempe- 
ratures were required. Density determinations for the purpose of checking 
the purity of the gases were also desirable and consequently the apparatus 
now to be described was erected, the design being due to Dr. H. E. Watson, 


Among the gases examined were silicane and silicoethane, the densities 
of which appear to have been measured only by Stock and Somieski,? who gave 
the values 32-29 and 63-8 or 64-2, as compared with O,=32. No attempt 
was made by these authors to deduce the atomic weight of silicon as the 
compressibilities were not determined. Silicane is a gas which can be pre- 
pared in a state of considerable purity without great difficulty and the 
results of the present series of experiments are recorded as indicating that, 
with a few additional refinements, the density method would be suitable 
for an accurate determination of the atomic weight of silicon. 


Apparatus. 

The essential features of the apparatus consisted of a density bulb 
which could be detached and weighed, and a second bulb of known volume 
into which the gas could expand, so that the pressure of a given quantity 
could be determined at two different volumes. Details are shown in Fig. 1, 
A is the density bulb made of pyrex glass with a long calibrated capillary 
stem closed by the tap T and fitted with a ground conical end. The joint 
was made gas-tight with a very little apiezon grease, which did not appear 
to be attacked by the gas. 8B is a small bulb to condense the gases and 
fractionate them when necessary. M is a cylindrical bulb with its ends 
made from two pieces of the same tubing from which the manometer, M,, 








1 Proc. Roy. Soc., 1934, 143A, 558. 
2 Ber., 1916, 49, 1, 111. 
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is constructed. In these ends are fixed two glass points, P and P,, to which, 
the mercury meniscus can be set. The volume of M is approximately the 
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4a/h 





— 












































Fig, 1. 


same as that of A. At T,, a side tube with a tap T, connects the apparatus 


toa Toepler pump. Gas can be introduced through the syphon K and 
tap T;. 


All the apparatus except the density bulb was made of durosil glass. 
M was surrounded with a glass water jacket and the manometer was enclosed 
in a box with plate glass sides to protect it from draughts. 





of 
us: 
for 
ste 


vo 


at 
re 
ca 
Ww 


=- per of Rh 











The Density and Compressibility of Silicane and Silicoethane 215 


Calibrations. 

The calibration of the apparatus was done before assembly. The volume 
of the density bulb A and the change with temperature were determined, 
using air-free distilled water. The change of volume with pressure was 
found by noting the increase in the height of level of water in the capillary 
stem by a known decrease of pressure. 


A pyrex counterpoise was constructed with the same weight and external 
volume as the density bulb. These were checked by finding the loss of weight 
in water. 

The volume of M between the points P....P, was determined by 
attaching a tap at the bottom and weighing the amount of distilled mercury 
required to fill it and the dead space and other parts of the apparatus were 
calibrated in a similar manner. ‘The thermometers, thermocouples and the 
weights were all calibrated in the usual way. 


All pressure readings were reduced to 0° and 45° lat. at sea level and 
corrected for meniscus height. The glass scale by the Société Genevois 
was checked against a standard invar scale. 


Experimental Procedure. 


After attaching the density bulb to the apparatus as shown in Fig. 1, 
the entire apparatus was evacuated thoroughly. The gas was then intro- 
duced and fractionated if necessary. When measurements had to be made 
at ordinary temperatures, the baths for the density bulb and the bulb M 
were adjusted to the same temperature as that of the room. At other tem- 
peratures, the necessary low-temperature bath was used only forthe density 
bulb A. Sufficient time was allowed for equilibrium to be attained. A thin 
layer of paraffin oil was spread over the surface of the water in M, to 
minimise the loss of heat due to evaporation. 


When the pressure was steady, the level of mercury was adjusted to the 
pointer P, with the meniscus rising. The pressure, meniscus heights, the 
temperature of the dead space and the temperatures of the two baths were 
then read. Next, the level of the mercury was adjusted to the pointer P 
and similar readings were taken. This was repeated several times. 


Before measuring the density, it was found advisable to test the gas 
for traces of hydrogen by cooling B in liquid air and evacuating. After 
the removal of any trace of hydrogen present, B was placed in water at room 
temperature and the temperatures and pressure read as soon as they were 
steady. The tap T was then closed, the gas in the dead space was condensed 
in the bulb B and the tap T, was closed. 
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The bulb was removed and the grease washed off with ether. After 
drying, it was placed in the balance along with the counterpoise, which had 
been subjected to similar treatment. Several hours were allowed to elapse 
before weighings were made. As in the case of the calibration of weights, 
the interchange method was employed when weighing the gases, the sensi- 
tiveness being determined in each case. The weight of the empty bulb was 
taken both before and after the experiments, and it was found that no mea- 
surable change occurred. This indicated that the gas did not decompose 
in the interval. 


The necessary corrections for the weight, volume, pressure and tem- 
perature were applied and the density calculated. 


Compressibility. 


The apparatus may be considered to consist of three parts, (1) the 
density bulb, (2) the dead space, (3) the expansion bulb M. If it be assumed 
that the compressibility is linear, 1.e., py=p, v, (1-Ap), the mass of gas in a 


volume v, at a pressure /, is proportional to | where 7 is the 


pu 
1—Apyr 
absolute temperature. 
Denoting by suffixes the volumes and temperatures of the three parts, 
and, by a dash, corresponding quantities at a second observation, the general 
equation— 


pr, Pr  . prs 
(1—A,p)T, | (1—Aop)T2 | (1—AP)Ts 
p'v'; A p'v's + p'v's 
(l— A’\p')T",  (L-A‘.p‘)T',  (L—A'sp')T's 
holds good, since the pressure throughout the apparatus is constant. In 
practice, this admits of considerable simplification : v, is small and equal 
to v’,, while T,, T;, T’, and 7’, are very nearly equal so that A», Az, A’s 
A’, may be considered equal. 





When the compressibility is determined at room temperature in 
the manner already described, p is the pressure with the mercury at the 
point P,, and ~’ when it is raised to P. v’; is consequently zero; the tem- 
peratures are all nearly the same and all the A terms are equal to, say, Ar. 
Ay may, therefore, be determined, all the other quantities being known. 
On repeating the experiment with the bulb cooled, 7, and T’, are unequal 
and, consequently, so are A, and A’,—say, A’y. Since Az is now known, 
A’, may be calculated. 

The compressibility at low temperature may also be determined by 
raising the mercury to the upper point and then cooling the density bulb 
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and reducing the pressure simultaneously to keep the volume constant. 
This method has the advantage that vj, v’, are both zero and hence the 
result is not affected by a calibration error in this part of the apparatus ; on 
the other hand, the temperature 7’, must be known with greater accuracy 
than in the other method. 


Preparation and Purification of Materials. 


The silicon hydrides were prepared by the method recommended by 
Stock and Somieski.? Magnesium silicide was made by the ignition of a 
mixture of anhydrous silica free from alkali, and magnesium turnings free from 
arsenic and phosphorus, Kahlbaum’s analytical reagents being used for the 
purpose. The silicide was then powdered, sieved and the excess of un- 
burnt magnesium removed mechanically. About 25 grams of this product 
were then decomposed in an atmosphere of hydrogen by adding it gradually 
to a ten per cent. solution of pure hydrochloric acid, the temperature being 
kept in the neighbourhood of 50° C. 

The evolved gas after passing through a reflux condenser, a spray trap 
and a U tube at —10°C., was condensed in a U tube cooled by liquid air 
and the major portion later boiled off into “a gas holder. The gas was 
recondensed and pumped off at a temperature of about —155° C., the vapour 
pressure being 30 millimetres. At this temperature the vapour pressure of 
Si,H, according to Stock is less than 0-1mm. As soon as the pressure 
fell to 1—2 mm., the bath was replaced by one of solid ether (—115°) and 
pumping continued until the pressure reached 2mm. which is just above 
the vapour pressure of Si,H, at that temperature. On raising the tempera- 
ture to —90° C. more gas was removed consisting mainly of Si,H,. ‘This 
fractionation was repeated several times until the gases appeared fairly pure. 

Preliminary density measurements gave high values for SiH, and these 
were ascribed to the presence of carbon dioxide. This was removed by 
inserting into each tube containing the gas a small piece of freshly prepared 
quicklime which did not attack the silicane at an appreciable rate. The 
gas was then fractionated once more before making measurements. 


Results. 


The following compressibility values were obtained, each being the 
mean of two observations. Owing to an unfortunate accident in which 
most of the gas was lost, it was not possible to make measurements with 
Si,H, at low temperatures. These values although sufficient for the purpose 
for which they were originally required are not accurate enough for atomic 





3 Ber., 1916, 49, 111. 






























K, L, Ramaswamy and G. Gundu Rao 








TABLE I. 
°C. A x108 °C. A x108 
| 
SiH, 27-0 7-1 24-0 | 8-7 
| 
27-0 8-4 27-5 7-9 Mean 8-4 
25-0 9.2 26-0 8-9 
—79°8 26* —79-8 20 
Mean 23 
” 24* ” 21 
Si,H, ..| 28-0 25 27-0 26 
Mean 26 
26-5 26 27-0 27 




















* Constant volume method. 


TABLE II. 





OC. Ve.c. | W grams | P mm. Dvr. | 
(Uncorr.) 


Dp =o Mol. wt. 





Oxygen ..| 23°-60 | 106-64 0-10740 | 581-02 | 1-4312 | 1-4302 


24° -83 re 0-12537 | 681-30 | 1-4307 | 1-4296 
Monosilane} 23° -56 = 0-12386 663-84 | 1-4444 | 1-4338 | 32-09 
24° -58 “ 0-12904 691-95 | 1-4487 | 1-4576 | 32-17 
24° -26 os 0-12985 696-03 | 1-4477 | 1-4366 | 32-15 
25° -20 = 0-12837 690-17 | 1-4480 | 1-4370 | 32-16 
25° -22 a 0-12916 | 695-38 | 1-4460 | 1-4349 | 32-11 


-79°-8 | 106-53 | 0-12395 430-07 | 1-4554 | 1-4348 | 32-11 
2 . 0-12402 | 430-04 | 1-4563 | 1-4357 | 32-13 
Disilane ..| 28°-03 | 106-64 | 0-21312 | 585-16 | 2-8621 | 2-8050 | 62-77 


26° -95 = 0-24819 | 677-50 | 2-8685 | 2-8021 | 62-71 
| 























Mean molecular weight of monosilane =32 -13 
disilane =62-74 





”? ”? 
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weight determinations. They could probably be improved by reading the 
pressures with a micrometer eye-piece instead of the simple telescope 
actually used, and by jacketting the manometer. 


The density values are given in Table II as well as two measurements 
with oxygen for comparison. The values for this gas are higher than the 
accepted value for the normal litre 1- 4290, indicating a constant error. If, 
however, these are taken as standard, the resulting figures for the silicanes 
should be fairly accurate. In the column Dp=0 is given the reduced 
density or the weight of a normal litre if the compressibility were zero. 
These figures are calculated from the measured density and pressure and 
the compressibility. The molecular weight in the last column is obtained 
by multiplying 32-00 by the ratio of this reduced density to that of the mean 
value for oxygen 1- 4299. 


Discussion. 


Stock and Kuss* made some preliminary determinations of the atomic 
weight of silicon by the decomposition of silane with sodium hydroxide and 
obtained a value 28-15. Although this value was far from being decisive 
it suggested that the then accepted value 28-30 was rather high. 


A little later Stock and Somieski> measured the gas densities for silicane 
and silicoethane and obtained the values 32-29 and 63-8 or 64-2 for the 
molecular weights. Apparently no corrections for the deviations from 
Boyle’s law seem to have been applied. Assuming the values of compressi- 
bilities obtained in the present investigations to hold at the temperatures 
of their measurements, the values for the molecular weights work out to 
be 32-02 and 62-3 for mono and disilanes respectively. 


Baxter and co-workers® from the analysis of silicon tetrachloride and 
tetrabromide purified by thorough fractional distillation under exclusion 
of air and varying pressures, obtained as the mean of a large number of 
determinations the value 28-063 for the atomic weight of silicon. 


An year later O. Honigschmid and M. Steinheil? employing the same 
tetrachloride method arrived at the value 28-105+-003. At present 
Baxter’s value has been accepted, although the relatively higher value of 
Hoénigschmid has no reason to be rejected, being the mean of sufficiently 
concordant results. 





* Ber., 1914, 47, 3115. 

5 Ber., 1916, 49, 1, 111. 

6 Proc. Amer. Acad. Arts and Sci., 1923, 58, 245. 
7 Zeit. anorg. Chem., 1924, 141, 101. 
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The value obtained in the present investigations taking into considera- 
tion only the monosilane, comes out to be 28-10+-03. This agrees prac- 
tically with the value 28-105 given by Hoénigschmid by an altogether different 
method. The value 28-34 calculated from silicoethane is undoubtedly too 
high owing probably to the impurities of the higher homologues and adsorp- 
tion effects. 

It is unnecessary to mention the several advantages of the gas density 
method over the other methods. It is interesting to note that the corrected 
molecular weights at the ordinary and low temperatures are practically the 
same, indicating thereby that no association occurs at low temperatures 
and also that the effects of adsorption of the monosilane are not appreciable. 


Summary and Conclusion. 

1. An apparatus for the simultaneous measurements of densities and 
approximate compressibilities at the ordinary and low temperatures, has 
been described. 

2. Measurements of densities and compressibilities on monosilane at 
different temperatures and on disilane at the ordinary temperature have 
been made. 

3. The atomic weight of silicon obtained from the corrected molecular 
weights obtained in the present investigations, has been compared with the 
existing values by other authors. 

In conclusion we wish to express our grateful thanks to Prof. H. E. 
Watson for his valuable criticisms and constant interest in the work. 
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1. Introduction. 


It is well known that when certain pairs of liquids are brought together in 
suitable proportions, two liquid phases result ; for example, in the case of 
phenol and water, the upper phase is a solution of phenol in water and the 
lower phase a solution of water in phenol. As the temperature is slowly 
raised, the compositions of the two phases tend to equality until at a parti- 
cular temperature (called the critical solution temperature), the line of 
separation disappears and the whole mass presents the appearance of a single 
homogeneous phase. At this temperature the mixture exhibits a very 
marked turbidity or opalescence. ‘The intensity of opalescence is markedly 
a function of temperature, being greatest at the critical solution temperature 
and becoming very weak as the temperature is removed from it in either 
direction. ‘The earlier investigators in this field suggested as an explanation 
of the opalescence that the liquid mixture in the vicinity of the critical solu- 
tion temperature behaves as an emulsoid. Smoluchowski was the first to 
propose a thermodynamic theory of the phenomenon which later was elabo- 
rated by Einstein. Finstein’s formula for the intensity of opalescence 
received experimental support from the quantitative studies of Tiirth and 
Zernike. ‘There are certain features of the phenomenon, however, that 
do not find an explanation on the basis of the Smoluchowski-Einstein theory, 
one of which is that the depolarisation of the opalescence remains finite 
instead of tending to zero as the critical solution temperature is approached. 
In a recent paper! in these Proceedings, the present author presented evidence 
that large molecular clusters exist in such liquid mixtures in the neighbour- 
hood of the critical solution temperature. The finite value of the depolar- 
isation of the opalescent light arises from the fact that the size of the clusters 
is not small in comparison with the wave-length of light. The existence of 
such clusters could be demonstrated by the simple optical method developed 





1 R. S. Krishnan, Proc. Ind. Acad. Sci., 1934, 1A, 211. 
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by the author. This consists in examining through a double-image prism, 
the light scattered in the transverse horizontal direction by the mixture 
when it is illumined with light polarised with electric vector horizontal, 
If clusters of size comparable with the wave-length of light are present, the 
horizontal component of the scattered light would be distinctly brighter 
than the vertical component. In a more recent paper? the author has 
reported the results of a detailed study of the opalescence of a series of binary 
mixtures over a wide range of temperature above the critical point. These 
results fully confirm the author’s preliminary report, and demonstrate the 
existence of clusters in liquid mixtures—-not only at the critical solution 
temperature but also at temperatures considerably removed from it. In the 
present investigation, a comparative study has been made of the intensity 
and depolarisation of the light scattered by mixtures of phenol and water 
in different proportions and at different temperatures, with a view to ascertain 
the influence of the composition and of the temperature of the mixture on 
the formation of clusters. The experimental results have an important 
bearing on other physical properties of the mixture, such as _ viscosity, 
magnetic birefringence, etc. 

2. Experimental Details. 


For the study of the effect of composition on the formation of clusters, 
mixtures of phenol and water were chosen as the most suitable, as it had 
been found from the previous investigation that the phenomenon is most 
pronounced in this case. Pure crystallised phenol was melted and was 
mixed with pure double distilled water in the requisite proportion, and the 
mixture was directly transferred to a clean and dry double bulb. The double 
bulb was then exhausted and sealed. The mixture was then got dust-free 
in one of the bulbs by repeated slow distillation and washing back into the 
other bulb. The bulb containing the dust-free mixture was then sealed off 
from the other. Six different mixtures of phenol and. water containing 
respectively (a) 15% by weight of phenol, (b) 28% of phenol, (c) 34% of 
phenol, (d) 50% of phenol, (e) 60% of phenol and (f) 70% of phenol, were pre- 
pared dust-free in the manner indicated. The bulbs containing these mixtures 
were approximately of the same capacity and the quantity of mixture con- 
tained in each was also the same. 

3. Measurement of the Depolarisation of the Scattered Light. 


The experimental arrangement employed in the present investigation 
was similar to that previously. employed* for the measurement of the 


2 R. S. Krishnan, Jbid., 915. 
* Loc. cit. 
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depolarisations p,, p, and py, with the incident light respectively unpolarised, 
polarised with the electric vector vertical and with the electric vector hori- 
zontal. The ordinary lens of long focus used for condensing the light was 
replaced by a photographic lens of the same focal length provided with an 
iris diaphragm. ‘The bulb containing the particular mixture to be studied 
was kept immersed in the water-bath. The temperature of the water in 
the bath was slowly raised and was kept steady at about 30° above the 
temperature of complete miscibility. The mixture was properly shaken. 
The depolarisations p,, p, and p, were measured by the usual method of 
Cornu, with the help of a double-image prism and nicol mounted on a stand 
so as to be capable of independent rotation about the same axis. The mixture 
was then slowly cooled down and the observations were repeated for a series 
of temperatures up to the critical point at which the mixture separated into 
two layers. The errors in the depolarisation measurements arising from the 
background illumination were avoided by viewing the two components of 
the scattered light against the same background. The error due to the 
finite convergence of the incident beam was almost negligible since the angle 
of convergence was less than 3°. The values of p,, p, and p, for various 
mixtures are tabulated below. 


4. Intensity Measurements. 


The method usually adopted by the earlier investigators in this field for 
the comparison and measurement of intensities of scattered light was visual 
photometry. Although visual photometry has been recognised as one of 
the accurate methods for the comparison of intensities, it is defective in that 
the process is tedious and at the same time subjective in nature. The 
advantages of using a photocell together with a direct current amplifier for 
comparison and measurement of feeble intensities, e.g., that of light scattered 
by a fluid, have already been pointed out by Mr. R. Ananthakrishnan.? The 
convenience of using a photocell in such experiments lies in the fact that the 
state of polarisation of the light has no influence on the photoelectric current 
which is a direct measure of the energy of light falling on the cell. Moreover, 
in contrast with the visual method it is objective in nature and is less tedious. 
In the present investigation, therefore, the photoelectric method was 
employed for comparing the intensities of light scattered by the mixtures 
of phenol and water at various temperatures. 

The experimental arrangement used for the measurement of intensity 


was similar to that employed for the depolarisation measurements. But 
the following alterations were made. The nicol and double-image prism 





3 R. Ananthakrishnan, Proc. Ind. Acad. Sct., 1934, 1A, 201. 
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were removed from the observation side. The transversely scattered light 
after passing through the side tube attached to the wooden box which con- 
tained the scattering substance was allowed to fall on the V-shaped plate of 
the Osram CMG 8 (gas-filled) cell manufactured by the General Electric 
Company, Ltd., of England. The photocell was suitably mounted inside 
a wooden case (well insulated) which was painted dull black. The leading 
tube through which the scattered light passed, was also painted dull black 
inside and projected into the wooden case of the photocell. The distance 
of the photocell from the scattering substance was about nine inches. The 
scattered light entering the cell was limited by a series of apertures. ‘The 
whole arrangement was such that when the mixture was illumined, only the 
light scattered in the exact transverse horizontal direction entered the cell. 

The photocell was connected to the Valve Bridge Amplifier as shown 
in Fig. 1. 





























Fic. 1. 


y2 -» L610 Marconi Dull Emitter Valves. 
R,, Ro -- 10000 ohm resistances. 
k, R’ .. 20 meg ohm grid leaks. 


TY -- Varley Potentiometer (1200 ohms). 
Te -- Adjustable rheostat (400 ohms). 

r .. Filament rheostat (5 ohms). 

A -. Filament battery (6 volts). 

H. T. .. High tension battery (115 volts). 
G. B. .. Grid bias battery (2 volts). 

Ss -» Osram CMG8 Photocell. 

G +» Microammeter. 


This amplifier was originally set up by Mr. R. Ananthakrishnan to whom 
the author’s thanks are due. The leads from the photocell were properly 
insulated to avoid disturbances in the amplifier. The amplifier was of the 
simplest type possible without elaborate controls and the details of its working 
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had already been fully described by Mr. R. Ananthakrishnan‘ in his paper 
on the ‘‘ Photoelectric Photometry of Light Scattering in Liquids’. It was 
found that by the use of good storage batteries, a steady state could be 
reached in the bridge within a short time after switching on the various 
connections. 

The particular mixture under examination was maintained at the re- 
quisite temperature. The incident light was cut off by a chutter before it 
entered the mixture. The various connections in the amplifier circuit were 
switched on and the bridge was brought to a balance by adjusting the 
theostat 7, (see Fig. 1). The reading of the micro-ammeter was taken. The 
incident light was then let into the mixture and the final steady deflection 
of the micro-ammeter was again read off. The observations were repeated 
with the same mixture for a series of temperatures up to the critical solution 
temperature and also with the other mixtures. When the intensity of scat- 
tering was found to increase to large values as would be the case near the 
critical solution temperature, the intensity of the incident beam was pro- 
portionately reduced by means of the iris diaphragm attached to the long- 
focus lens so that the deflections of the micro-ammeter were always of the 
same order of magnitude. 

The possible sources of error in the experiment are the following : (a) the 
want of linearity in the response of the amplifier, (b) the want of steadiness 
of the intensity of the light of the projection lantern which was used as the 
source of light, and (c) the absorption and reflections at the various surfaces. 
The linearity in the response of the amplifier was tested out by noting the 
deflections of the galvanometer using the same mixture as the scattering 
substance when the intensity of the incident light was reduced by known 
amounts. It was found that the deflections registered by the galvanometer 
in the bridge circuit when scattered light of a certain small intensity was 
allowed to fall on the photocell could be taken to be proportional to the 
intensity of light falling on the cell. 

The intensity of light emerging out of the square aperture was measured 
in a foot-candle meter at regular intervals keeping the distance between the 
two standard carbon rods used in the projection lantern constant. It was 
found that the projection lantern could be taken as a fairly steady source 
of light within the limits of experimental error. 

No account was taken of the absorption of light since the distances in- 
volved were small. In this case of the comparison of intensities, errors 
arising from the reflections at the various surfaces, etc., were automatically 





4 R. Ananthakrishnan, Joc. cit. 
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eliminated by the use of bulbs of the same capacity for all the mixtures and 
by keeping the rest of the experimental arrangement undisturbed. 


From the observed dellections of the micro-ammeter and from a know- 
ledge of the proportions in which the intensity of the incident light was 
reduced in each case, the relative intensities of light scattered by the mixtures 


at various temperatures were calculated. 


The results are tabulated below. 









































TABLE I. 
(a) 15% Phenol. 
Temperature | P. ieee ae dina , 
of the P, r. — ort 
° : Se ce) Transverse y 
= of of | vane | —- scattered light 
88 100 1-5 3-1 3-0 1-0 (assumed) 
78 100 1-1 2 +3 2-2 1-3 
69 100 0-75 1-4 1-5 2-0 
64 100 0-55 1-1 1-1 3°8 
60 100 0-5 1-0 1-0 8-3 
TABLE II. 
(b) 28% Phenol. 
a p 
—w P, p,, ad | Relative intensity 
; : s of transversely 
— of or — | —o scattered light 
90 100 0-9 1-7 1:8 1-0 (assumed) 
87 84 0-7 1-5 1-5 1-2 
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TABLE III. 


(c) 34% Phenol. 
(Critical Composition Mixture.) 
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— P, en Pu Relative intensity 
winters % % | (observed) | (calculated) |! Strered light 
95 75 1-0 2-2 2-3 1-0 (assumed) 
90 66 0-7 1-5 1-7 1-2 
87-5 61 0-6 1-4 1-6 1-3 
83 51 0 -43 1-1 1-3 2-1 
80 47 0-34 0 -93 1-0 2-9 
77 39 0-27 0-77 0 -96 3°38 
74 31 0 -23 0-75 1-0 7°83 
71 26 0-19 0-7 0 -93 24-6 
69-5 16 0-12 0 -62 0-87 45 -0 
69 12 0-07 0 -62 0-65 53-0 
TABLE IV. 
(2d) 50% Phenol. 
Temperature p, p Py Relative intensity 
Pal « og | Cobmerved) | (cateulatea) | the tansversel 
6 % 
90 100 2-1 4-0 4-1 1-0 (assumed) 
85 95 1-6 3°3 3°2 1-3 
80 93 1-2 2-5 2-5 1-7 
75 80 0-84 2-1 1-9 2-1 
70 70 0-62 1-5 1-3 3-2 
66 -5 §1 0-32 1-0 0-95 4-8 
64-5 41 0-27 1-0 0 -93 8-2 
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TABLE V. (e) 60%, Phenol. 
p pe 
Temperature p p ” Relative intensity 
of the mixture A . “ta ae % Fea 1.3) | Of the transversely 
Yon % % (o — ) (ca culated ) scattered light 
/0 0 
| 
89 100 | 4-5 8-2 8-6 1 -0 (assumed) 
79 10 | 38 | 72 7-3 1-2 
} | 
70 100, | 2-8 53 5°d 1-6 
| 
65 100 | 2-4 | 4-8 4-7 2-3 
| | 
61 100 | 419 | 3:8 3-7 3-7 
| | 
TaBleE VI. (f) 70% Phenol. 
Temperature | Py Relative i tw 
f the | P, Pe elative intensity 
wien é (observed) | (calculated) of the transversely 
a % % = —— scattered light 
| oO | /O 
59 | 100 9-3 16-3 17-0 1 -0 (assumed) 
49 100 8-2 14-9 15-1 1-2 
40 100 6-9 12 -2 12-9 1-3 
30 100 6-0 11-0 11-3 1-5 
TABLE VII. 
Cc iti | 
omposition ralativ 
of the mixture | Temperature of P, Pp. Pp ; reel 
t.e., % by weight miscibility pe x sep sauces : 
of Phenol “Cc. 7o % % Te 
15 60 100 0:5 1-0 6-6 
28 68-5 22 0-15 0 -62 71 
34 69 12 0-07 0 -62 186 
50 64-5 41 0-27 1-0 15 
60 61 100 1-9 3°8 3 
1 (assumed) 
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5. Discussion of Results. 


In the tables given above the numbers given in the fifth column are the 
values of p, calculated from the observed values of p,; and p, using the reci- 
procity formula.’ The observed values of p, are in satisfactory agreement 
with the calculated values. 

The experimental results show some very striking characteristics. For 
a mixture having any composition whatsoever, the values of the depolarisa- 
tions p,, p, and p, are minimum at the critical point, while the intensity of 
light scattered transversely is a maximum at this temperature. Again the 
depolarisations p,, p, and p, attain minimum values and the intensity of 
scattering attains the maximum value for the mixture having the exact 
critical composition, 7.e., in this case for a mixture containing 34% by weight 
of phenol (see Table VII). The temperature of complete miscibility, as is 
well known, is also maximum for this concentration. As we go away from the 
critical composition on either side, the temperature of complete miscibility 
decreases, the depolarisation values increase suddenly at first and then 
gradually. In the same manner, the intensity of scattering falls off suddenly 
to less than half its value for the critical solution mixture, when the com- 
position differs from the critical composition even by a small amount. For 
any mixture and especially for a critical composition mixture, there is a very 
rapid increase in the intensity of scattering as the critical solution tempera- 
ture is approached. If curves are drawn showing (1) the dependence of 
depolarisation on composition, (2) the temperature of complete miscibility 
on composition, and (3) the intensity of scattering on composition, they will 
have approximately the same parabolic form. 

It is seen from the results obtained that p,; for mixtures containing 15% 
by weight of phenol, 60°4 phenol and 70% phenol has always the limiting 
value of 100°4 showing thereby that no detectable clusters are present in 
these mixtures. In the case of the other three mixtures (7.e., mixtures 
containing 28% phenol, 34°, phenol and 50% phenol) detectable clusters 
are formed as is seen from the fall in the value of p, from 100%. The range 
over which such clusters are detectable is less than 20° C. for mixtures con- 
taining 28° phenol and 50% phenol, while the range is more than 30°C. 
for a 34% phenol mixture. The values of p, and p, for the 34% phenol 
mixture at the critical solution temperature are considerably lower than the 
corresponding values for other mixtures. Butthe values of p, is of the same 
order of magnitude. These definitely indicate that not only is the tendency 
for the formation of molecular clusters a maximum for the critical composition 


5 R. S. Krishnan, Proc. Ind. Acad. Sci., 1935, 1A, 782, 
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mixture, but also that the size of the clusters formed is greatest for this 
mixture. ‘These results are in accordance with the remark made by H. §. 
Taylor® in his book on Physical Chemistry, that it is only with the critical 
composition in a system containing two partially miscible liquids that a critical 
state can be reached. 


6. Relation to Other Physical Properties. 


Various other physical properties such as viscosity, flow birefringence, 
magnetic birefringence, etc., have been extensively studied by numerous 
investigators. Ostwald and Malss’? have determined the coefficient of vis- 
cosity for a series of binary mixtures of the type phenol and water both 
above and below the critical solution temperature. Only mixtures having 
the exact critical composition have been studied by them. They find an 
abnormal increase in the viscosity at the critical point. They try to explain 
the same by saying that liquid mixtures at the critical solution temperature 
are emulsoid systems of approximately colloidal degree of dispersion. 
Ostwald and Erbring® further found a marked streaming double refraction 
for a mixture of carbon disulphide and methyl alcohol within a definite region 
of temperature in the neighbourhood of the critical solution temperature. 

A. Piekara® has investigated the variation of magnetic birefringence 
with temperature at different concentrations in mixtures of nitrobenzene 
and normal hexane. He finds that the thermal coefficient of magnetic 
birefringence increases with concentration, the coefficient becoming abnormally 
large at the critical solution point. The results are explained by him by 
assuming that the increase in the molecular association causes an increase in 
the molecular and magneto-optic anisotropy. These abnormal properties 
exhibited by critical composition mixtures near the critical point are in all 
probability due to the formation of molecular clusters under these conditions. 

Critical composition mixtures near the critical point cannot be regarded 
as colloidal solutions or emulsoids since some important characteristics of a 
colloidal solution are not exhibited by these mixtures. A colloidal system 
progressively changes with time. But it is a fact of observation that the 
critical opalescence and such other phenomena exhibited by critical solution 
mixtures are invariant with time and depend only on the temperature. 
Moreover, if liquid mixtures at the point of complete miscibility behave 
like emulsoid systems, then all the phenomena which are characteristic of 


6 H. S. Taylor, A Treatise on Physical Chemistry, Vol. 1, 530. 
7 W. Ostwald and A. Malss, Koll. Zeits., 1933, 63, 61. 
8 W. Ostwald and Erbring, Koll. Zeits., 1933, 64, 229. 

A. Piekara, Jour. de Phys., 1934, 5, 54. 
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the critical composition mixture should also be exhibited by mixtures whose 
compositions are widely different from the critical composition. But this 
is not so. Although large molecular clusters are formed in binary liquid 
mixtures at the critical solution temperature, there seems to be no justifica- 
tion for regarding them as colloidal systems. 

In conclusion, the author wishes to record his indebtedness to Prof. 
Sir C. V. Raman, Kt., F.R.S., N.L., for his kind and helpful interest in the work. 


7. Summary. 

This paper deals with a comparative study of the intensity and depolari- 
sation of the light scattered transversely by mixtures of phenol and water 
in different proportions and at different temperatures. The lowest values 
for the depolarisations p,, p, and p, are obtained with the critical composi- 
tion mixture (in this case 34% phenol mixture) at the critical solution tem- 
perature, where p,, py and p, are the depolarisations of the light scattered 
transversely when the incident light is (1) unpolarised, (2) polarised with 
electric vector vertical, and (3) polarised with electric vector horizontal 
respectively. The photoelectric method was employed for the comparison 
of intensities of scattering by these mixtures at various temperatures above 
the critical solution temperature. The intensity of scattering is found to 
increase considerably for the 34% phenol mixture as the critical solution 
temperature is approached. It is found that the tendency for the formation 
of clusters and the size of the clusters formed depend on the temperature 
and composition of the mixture. These phenomena are found to be most 
pronounced for the critical composition mixture at the critical solution tem- 
perature. ‘The bearing of these results on the anomalies of viscosity, magnetic 
birefringence, etc., noticed in the vicinity of the critical conditions is also 
pointed out. 
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M. PucHALIK! has recently reported that tetralin (tetrahydronaphthalene) 
exhibits in benzene solutions considerable association, and a dipole moment 
of value 1-66 10-18 e.s.u. Now, this value of moment is unusually high 
for a pure hydrocarbon. Experimental measurements have so far shown* 
that with the exception of the unsymmetrically substituted acetylene hydro- 
carbons, investigated by Otto and Wenzke,’ almost the whole gamut of hydro- 
carbons of whatever shape and structure show moment values only between 
0-5to0-0. Even here, the higher values are shown generally by unsym- 
metrically substituted ethylene compounds, and some benzene derivatives. 
More recently rather high values of moment have been reported by Svirbely, 
Albard and Warner‘ for d-pinene and d-limonene: these values, however, 
require confirmation, particularly as the measurements have been carried 
out at extremely dilute solutions where the experimental errors have enormous 
effect on the calculated values of moment.® It was, therefore, deemed neces- 
sary to check up the high value reported for the moment of tetralin and all 
the more so, as almost pure tetralin is available in commercial quantities 
and could be used as a solvent in dipole moment measurements. 


Experimental. 


The tetrahydronaphthalene used in these experiments was prepared 
from a “‘pure’’ stock, by drying over phosphorous pentoxide, and two succes- 
sive slow fractional distillations in an all-glass apparatus under reduced 
pressure. The middle fraction boiling at a very steady temperature was 
collected for use: d,25°=0-9639, np?5° =1 -5382. 

The dielectric constant and density of the pure tetralin itself was measured 
initially, over the temperature range 10 to 40°, with the apparatus and 
methods described already. The experimental values together with the 





1M. Puchalik, Acta. physic. Polon., 1933, 2, 305-310. See Sci. Abs., 1934, 1294. 
2 “Table of Dipole Moments, Class 2B,” Trans. Farad. Soc., 1934, 30. 
3M. M. Otto and H. H. Wenzke, J. Amer. Chem. Soc., 1934, 56, 1314. 
4 W. J. Svirbely, J. E. Albard and J. C. Warner, /bid., 1935, 57, 652. 

5 M. A. Govinda Rau and B. N. Narayanaswamy, Zeit. phys. Chem., (B), 1934, 26, 25. 
6 M. A. Govinda Rau and B. N. Narayanaswamy, loc. cit. 
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calculated values for the molecular polarisations are presented in Table I. 
It is at once evident from the low value for the dielectric constant, and the 
very slight decrease in molecular polarisation with temperature, that tetralin 
is a nearly non-polar liquid, whose molecules have a finite but small moment. 
For, experimental measurements on all definitely non-polar liquids have 
hitherto shown a small but finite rise in molecular polarisation values with 
temperature,” a behaviour which is satisfactorily accounted for on the basis 
of the Raman-Krishnan theory of liquid structure.* If it is assumed that 
the Debye equation can be directly applied to the polarisation values for the 
pure liquid state,® the calculated value for the moment of tetralin comes out 
as 0-41 x 10738, 
TABLE I. 


Pure Tetralin. 








Temperature in °C. a Density (¢@) = fey x 
10 2-785 0-9760 90-51 
20 2-756 0 -9679 50 -42 
30 2-727 0 -9599 50 -30 
40 2 -697 0 -9519 50-16 














The difficulties in determining to the usual degree of accuracy moments of 
this order of magnitude by the method of dilute solutions have been discussed 
frequently in the literature.!° Thus, when the so-called ‘‘optical’’ method 
of calculating moment is employed, usually unsatisfactory results are obtained 
as there is no reliable method of determining the exact value of the induced 
or displacement polarisation. On the other hand when the method of 
temperature coefficient of molar polarisation is employed an increased accur- 
acy, at least ten times in the dielectric constant and density values, is called 
for, or else the temperature range over which the molar polarisation is deter- 
mined must be considerably enlarged. As in the present case benzene is 


7 C. P. Smyth and W. N. Stoops, Jour. Amer. Chem. Soc., 1928, 50, 1883; R. W. Dornte 
and C. P. Smyth, /bid., 1930, 52, 3546; L. E. Sutton, R. G. A. New and J. B. Bentley, Jour. 
Chem. Soc., 1933,652; F. Fairbrother, Proc. Roy. Soc., (A), 1933, 142, 173; W. Lautsch, Zeit. 
phys. Chem., (B), 1928, 1, 115; H. Ulich, E. Hertel and W. Nespital, /bid., 1932, 17, 369. 

8 C. V. Raman and K. S. Krishnan, Proc. Roy. Soc., (A), 1927, 117, 589; Phil. Mag., 
1928, 5, 498; K. S. Krishnan, Proc. Roy. Soc., (A), 1929, 126, 155. 

9L. M. Heil, Phys. Rev., 1932, 39, 666; J. Estermann, Zeit. phys. Chem., (B), 1928, 1, 134. 

10 See M. A. Govinda Rau and B, N, Narayanaswamy, loc. cit. 
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the solvent in which the high moment has to be examined, the temperature 
range over which measurements could be made stands limited. Further, as 
the methods and apparatus used to determine the dielectric constant and 
density were the same as before, it was hoped to obtain any improvement 
in accuracy by determining these values over a larger range of concentrations, 
particularly as with weakly polar solutes and non-polar solvents, the dielectric 
constant and density can be reasonably expected to be a linear function 
of concentration over a much larger range. This was realised in the present 
experiments. The slopes a and f of dielectric constant and density respec- 
tively with molar concentration were read off correct to 0-001 and 0-0001, 
and the P;,, values calculated by the Hedestrand formula (Table.II). The 
resulting slope of P,.—1*/r calculated by the method of least squares gave 
a moment value of 0-40x 10-1§ e.s.u. 


This moment was also calculated by the “‘optical’’ method as a further 
check. ‘There are here usually two methods employed, the one in which 
the total induced polarisation is taken as the molar refractivity for the 
sodium D line, and the other in which it is taken as equal to MR,,+15% 
of same, where MR,, is the extrapolated value of molar refractivity for 
infinite wave-length. 








TABLE IT. 
(i) 
Concentra- | 10° 20° | 30° 40° 
0S ERDAS, PS A, TRAE ARLES cet ti oe aed 
ere fe | at ao |= | « | E | d 

0 2-303 | 0-8884 | 2-284 | 0-8777 | 2-265 | 0-8669 | 2-245 | 0-8561 
0-01671 | 2-319 | 0-8908 | 2-300 | 0-SSO1 | 2-281 | 0-8694 | 2-263 | 0-8587 
0-02750 | 2-329 | 0-8924 | 2-309 | 0-8818 | 2-289 | 0-8712 | 2-269 | 0-8606 
0-03469 | 2-333 | 0-8930 | 2-314 | 0-8826 | 2-294 | 0-8723 | 2-274 | 0-8619 
0-05204 | 2-350 | 0-8956 | 2-329 | 0-8852 | 2-309 | 0-8748 | 2-288 | 0-8644 
0-06356 | 2-355 | 0-8970 | 2-334 | 0-8866 | 2-313 | 0-8763 | 2-292 | 0-8659 
0-09105 | 2-378 | 0-9012 | 2-357 | 0-8909 | 2-337 | 0-8808 | 2-316 | 0-8706 





























The value of MRp calculated from our data is 42-91 c.c.; and when 
subtracted from the value of P,,, at 20°, gives an orientation polarisation of 
9-51 c.c., corresponding to a moment of 0-67 x10-?8. On the other hand 
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(ii) 








t°C a B 
10 0-820 0 -1412 52 -49 
20 0 -803 0 -1445 52 -42 
30 0-789 0 -1520 52 -24 
40 0-731 0 -1590 52-17 














the value of MR,, calculated from the values of Auwers,'! is 41-19, and the 
moment calculated by the second method 0-49x10-1!®8. This value agrees 
better with those determined by the temperature coefficient methods. It is 
interesting that an exactly similar observation has been made in a recent 
paper by Briegleb and Kambeitz,” where it is found that a value of 1-15 
MR,,, for the induced polarisation leads to a more passable value for the 
moment of symmetrical trinitrobenzene. 

Discussion. 

To a rather rough approximation tetralin could be regarded as an alkyl 
ortho disubstituted benzene derivative, and the moment should therefore be 
of the order of that of ortho-xylene, 7.e., of about 0°-5x10-18. This is 
just what has been observed for tetralin. The high value of moment reported 
by Puchalik is therefore improbable. A closer consideration of the structure 
of tetralin is at present difficult. While it is obvious that the two carbon 
atoms of the two CH, groups directly attached to the benzene ring must be 
in the plane of the ring, the other two carbon atoms in the remaining CH, 
groups can lie either in the plane of the other atoms or displaced from it. 
The structure of this saturated half of tetralin should be exactly analogous 
to that of cyclohexene (C,H,,). A study of the moment of this compound 
should throw some light on the origin of the moment of tetralin, and the 
influence, if any, of the aromatic unsaturated half of tetralin on the aliphatic 
saturated half. Work on these lines is under progress. 

Summary. 

The moment of tetralin as measured in benzene as solvent is only 0-4 to 
0-5x10-18, and not 1-66x10-18 as reported by Puchalik, The origin of 
this small but finite moment is briefly discussed. 


11 V. Auwers, Berichte, 1913, 46, 2990, quoted by Landolt Tabellen. 
12 G. Briegleb and J. Kambeitz, Zeit. phys. Chem., (B), 1934, 27, 11. See also G. Briegleb, 
Zeit. phys. Chem., (B), 1932, 16, 276. 
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1. Introduction. 
IN previous communications, the author described experiments dealing with 
the examination of molecularly scattered light with the aid of a Fabry-Perot 
Interferometer and a specially-designed cathode-cooled low-density mercury 
vapour lamp. 

In the first of these communications! which concerned itself with the 
study of the fine structure of the radiations scattered by liquid benzene in 
the backward direction, the author successfully demonstrated the reality 
of the two Doppler components appearing one on either side of the central 
undisplaced line. There was no indication, however, of the other components 
of higher frequency shifts reported by Gross.2, The formula of Brillouin 
was also checked, the calculated values of the frequency shifts agreeing parti- 
cularly well with the observed values for the mercury radiations, 4047 A, 
4078 & and 4358 A. 

In the next paper* were reported some results concerning the relative 
intensities of the central undisplaced line to the outer Doppler components 
in the two liquids, carbon tetrachloride and toluene, chosen specially in 
view of the fact that the first liquid has optically isotropic molecules, while 
the latter has a relatively high degree of molecular anisotropy. The central 
undisplaced component appeared with great intensity in carbon tetrachloride, 
which indicates that the optical anisotropy of the molecules is not primarily 
responsible for the appearance of this central component. The Fabry-Perot 
pattern with toluene showed a strong continuous spectrum overlapping the 
triplet. This feature was almost entirely absent in the pattern obtained 
with carbon tetrachloride. From this it may be concluded that the continuous 





1 B. V. Raghavendra Rao, Proc. Ind. Acad. Sci., 1934, 1, 261. 
2 E. Gross, Nature, 1930, 126, 400. 
3 B. V. Raghavendra Rao, Proc. Ind. Acad. Sci., 1935, 1, 473. 
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spectrum is a Raman effect due to the hindered rotation or angular 
oscillation of the molecules in the liquid, the intensity of this being naturally 
a function of the optical anisotropy of the molecules. 

The third paper of the series dealt with the influence of change of tem- 
perature of the liquid on the fine structure of the scattered radiation. On 
heating liquid carbon tetrachloride to 70°C., the Doppler components on 
either side of the central undisplaced component became fainter and broader, 
and tended to merge with the central line which brightened up in intensity. 
The Doppler components were also found to approach the central line with 
rise of temperature. These results suggest that the Brillouin theory of the 
Doppler effect departs from the truth, as the temperature of the liquid is 
raised. 

The present paper describes a study of the state of polarisation of the 
three components observed in the spectrum of the scattered light when 
examined with a Fabry-Perot etalon. Beyond a casual statement by Gross® 
in one of his communications to Nature, very little work appears to have 
been done on this subject. Hence it was thought important to undertake 
a careful examination of this question. For this purpose, it is necessary to 
observe the light scattered in the transverse direction, though this direction 
is not so well suited for a separation of the Doppler components froin the 
central line, owing to their closer approach to it. 

2. Experimental Arrangements. 


Since in this case we have to examine the transversely scattered light, 
a horizontal type of low-density cathode-cooled mercury vapour lamp has 
been designed as shown in Fig. 1. ‘The intensity of this lamp is enhanced 
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* B. V. Raghavendra Rao, Proc. Ind. Acad. Sci., 1935, 1, 765. 
5 E. Gross, Nature, 1930, 126, 400. 
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by running two arcs simultaneously with the aid of the two anodes and the 
common mercury cathode. A parallel beam of light from this lamp is made 
to illuminate the side of the Wood's tube along its axis, by means of a big 
8” condenser. A large square-ended Nicol is placed between the observa- 
tion window of the Wood’s tube and the Fabry-Perot etalon, and the emerg- 
ing interference pattern of the scattered light is focussed on to the slit of 
a Fiiess spectrograph by a lens. Two separate spectra are recorded in each 
case, one with the Nicol having its vibration axis vertical and the other with 
the vibration axis horizontal. Three liquids have been studied, namely, 
carbon tetrachloride, toluene and carbon disulphide, chosen as representa- 
tive cases of molecules having respectively no optical anisotropy, moderate 
anisotropy and a high degree of anisotropy. 
3. Results. 


In the vertical position of the vibration axis of 





Carbon tetrachloride. 
the Nicol, the interference pattern of the scattered light is characterised 
by the appearance of the central line and the two Doppler components on 
a very clear background. In the horizontal position of the Nicol, nothing 
was recorded on the plate, in spite of extended exposures of the order of 48 
hours. The results indicate that all the three components are completely 
polarised, and that a continuous spectrum if it is present is extremely weak. 

Toluene.—In the vertical position of the vibration axis of the Nicol, all 
the three components are present and can be observed in the interference 
pattern of the scattered light superimposed on a continuous background. 
In the horizontal position of the Nicol, only the continuous background is 
recorded in the spectrum, and no trace of the three components could be 
detected with certainty. 

Carbon disulphide.—The results are very similar to those in the case of 
toluene except that the continuous spectrum is somewhat stronger. Ex- 
posures ranging from a few hours to 48 hours were given with the vibration 
axis of the Nicol horizontal, to see if the presence of any of the three compo- 
nents could be detected superimposed on the continuous background. ‘There 
were very faint indications of the presence of Fabry-Perot rings crossing the 
continuous background, and it was uncertain as to whether they belonged 
to the central undisplaced line or the Doppler components. It may be 
mentioned here that any eXperimental defects such as the angle of scattering 
being indefinite by reason of the use of a source of finite length, as also the 
presence of any parasitic light, ought to have, if anything, given a central 
undisplaced line in the horizontal component of the scattered light. 

The plate reproduces the interference patterns of the three liquids as 
negatives for clearness of reproduction. 
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4. Significance of the Results. 


So far as the two Doppler components are concerned, we should 
expect them to be completely polarised, as is indicated by the- 
observations, since they arise from density fluctuations due to the 
presence of sound waves of various wave-lengths associated with the 
thermal energy of the medium. The further result indicated by observa- 
tion, namely, that the central undisplaced component is also completely 
polarised seems at first sight very surprising, especially when we remember 
that the polarisation of transversely scattered light is very imperfect to the 
extent of 46°/, in toluene and 62° in the case of carbon disulphide. We 
know however that the central undisplaced line appears with great intensity 
also in the case of carbon tetrachloride, and its appearance is therefore not 
primarily ascribable to the optical anisotropy of the molecule. This makes 
it easier to understand why it should be more or less completely polarised. 
We may assume that the undisplaced line is due to the scattering of light 
by individual molecules or by groups of molecules in the liquid which are 
free to rotate or oscillate. The Q branch in the spectrum of the scattered 
light due to such molecules or groups of molecules should be more or less 
completely polarised. For instance, in the case of carbon disulphide, the 
total scattering by individual molecules would show a defect of polarisation 
only to the extent of 11% and if we consider only the Q branch the defect 
would be only a fraction of this, of the order of a few percent. The Q branch 
in the scattering by groups of molecules, unless they are highly unsymmetrical 
in shape, should be even more completely polarised. 

These observations and the foregoing remarks make it clear why in the 
horizontal component of the scattering by liquids, the Q branch, if present 
at all, is extremely weak. Further, it follows that practically the whole 
of the depolarisation of the light scattered by liquids at ordinary temperatures 
is to be ascribed to the presence of a continuous spectrum of radiation of 
altered wave-length. The presence of such continuous radiation in the light 
scattered by liquids and its marked imperfection of polarisation were dis- 
covered simultaneously with the presence of sharp lines of altered wave- 
lengths.° he spectral character of this radiation, namely, that of a nebu- 
losity or wings accompanying the primary and the displaced lines in the 
spectrum of the scattered light is shown by the very earliest photographs 
aud microphotometer records of Raman spectra.’ The fact that this continuous 


8 C. V. Raman, Jnd. Jour. Phys., 1928, 2, 395 ; Nature, 1928, 121, 619. 
7 C. V. Raman, Nature, 1928, 121, 711. 
C. V. Raman and K. S. Krishnan, Jnd. Jour. Phys., 1928, 2, Plate 13, Fig. 6 and 
Plate 16. 
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spectrum is almost completely unpolarised, that its intensity increases 
with the optical anisotropy of the molecule and that it is unsymmetrical] 
about the lines which it accompanies, led Raman and Krishnan® to suggest 
that it arises from the impeded rotations of the molecules in a dense fluid. 
Though much has been written on the subject, this original explanation 
still holds the field if we add the qualification that the impeded rotation 
may take the form of approximately periodic angular oscillations of the 
molecule and that account is also taken of the impeded rotation or oscillation 
of groups of molecules.® 


In view of what has been said above, it is difficult to attach much 
significance to the measurements which have been published of the depolari- 
sation of light scattering in liquids made spectroscopically with slits of vary- 
ing width. Mr. S. Venkateswaran’? who made a series of measurements 
of this kind showed that the depolarisation of light scattering diminishes 
as the slit width employed is narrowed. He also remarked that this ditni- 
nution is much less conspicuous for highly associated liquids such as acetic 
acid, formic acid,...,etc., than for non-associated liquids, e.g., benzene and 
carbon disulphide. Rousset?! who has pursued the subject further has 
shown that by using still finer slits, values for the depolarisation lower than 
those reported by Venkateswaran may be obtained. If we are to credit 
the results obtained in the present paper with the Fabry-Perot etalon, the 
depolarisation thus measured is simply a function of the resolving power 
of the instrument, and still lower values should be obtained by using spectro- 
graphs of great power and the finest slits possible. This is a subject which 
appears well-worth pursuing, in order to confirm the provisional conclusion 
that the Q branch is practically absent in the horizontal component of the 
scattering bv liquids, and to ascertain the size of the molecular groups present 
and responsible for the continuous spectrum given by the various types of 
liquids. It appears desirable also to extend the work with the Fabry-Perot 
etalon using highly associated liquids such as formic and acetic acids, and 
also to re-examine the case of non-associated liquids using fine slits and an 
auxiliary spectrograph of greater power as to eliminate the obliterating 
effect of the superimposed continuous spectrum. Quantitative estimates of 
the imperfection of polarisation of the central undisplaced component would 
evidently be desirable in all these cases. Work on these lines is in progress. 





8 C. V. Raman and K. S. Krishnan, Nature, 1928, 122, 278 and 882; Proc. Roy. Soc., 
1929, 122, 30. 
9 S. Bhagavantam, Proc. Ind. Acad. Sci., 1935, 2, 63. 
10 S. Venkateswaran, Phil. Mag., 1932, 14, 258. 
11 Rousset, C. R., 1933, 197, 1033. 
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In conclusion the author desires to express his grateful thanks to his 
professor Sir C. V. Raman, for his kind interest and helpful guidance during 
the progress of this work. 

Summary. 

The present paper describes a study of the state of polarisation of the 
three components observed in the spectrum of the scattered light when 
examined with a Fabry-Perot etalon. Three typical liquids, carbon tetra- 
chloride, toluene and carbon disulphide have been examined. ‘The results 
indicate that the two Doppler components are completely polarised as is 
to be expected, and that the central component is practically completely 
polarised. The significance of the latter result which appears surprising 
at first sight, is discussed in some detail. 
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1. Davenport! has recently proved the following remarkable Theorem: 

Let p be a prime ; let ay, +++, a» be m different residue classes (mod p) ; 
let B,, ---, By be n different residue classes (mod p). Let y,, +++, y be all 
those different residue classes which are representable as 

aj+B; (leqtqm, legen). 

Then 1 >m+n—1 provided m+n—1 < p, and otherwise 1\=p. 

In this paper we generalize this theorem to any composite modulus. 
We can only do this by introducing certain restrictions on one of 
the sequences. In fact it is easy to show by an example that the theorem 
is not, as it stands, true for non-prime moduli. 

Example. Tet the modulus be 81, and let the a’s be the positive 
integers =1(9) and less than 81, so that m=9; let the f’s be the positive 
integers = 2(9) and less than 81, so that n=9. Then it is easy. to see that 
the y’s are the positive integers = 3(9) and less than 81, so that /=9. Hence 
l=m+n-—9 so that the theorem is not true. 

Our theorem, which is not a complete generalization, is as follows: 


Theorem 1. Let k be a positive integer ; let a, ---, a» be m different 
vestdue classes (mod k) ; let B,, ---, By, ben different residue classes (mod k) 
where one of the B’s is 0 and the rest are prime tok. Let y,, --+, y, be all the 


different residue classes which are representable as 
aj+B; (l<eigqm1l<j<n). 
Then1 >m+n—1 ifm+n—1 < k, and otherwise |\=k. 
That the number m+n—1 in this theorem cannot be replaced by a 
greater number is shown by the following 
Example. Let the a’s be the positive integers =1(9) and less than 81 ; 
let the f’s be the number 0 and the positive integers =2(9) and less thai 


1 Journ. London Math. Soc., 1935, 10, 30-32. 
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81. Then m=9,n=10. The y sequence consists of the positive integers = 
1(9) and = 3(9) and less than 81. Hence /=18, and /=m+n—1l. 

2. This theorem has applications to the number J’(k) in Waring’s 
problem. Let us define I'(k) as the least s such that every arithmetical 
progression contains an infinity of numbers of the form x,* +---+ x, 
where the x’s are integers. Hardy and Littlewood? have proved that 
I'(k) < 4k, while I’(k) =4 for infinitely many k. It is an easy consequence 
of theorem 1 that 

Theorem 2, Lets > 4k, and let the integers a, (r < s) be prime to a. 
Then, every arithmetical progression ax+m contains infinitely many numbers 
of the form 

Ay, HP +++ + a, xe 
where the x’s are integers. 

The particular case a,= ++: =a, = 1 gives I'(k) < 4k. Detailed 
proofs will appear elsewhere. 








* “Some Problems of ‘ Partitio Numerorum’: IV,” Math. Zischr., 1922, 12, 161-188 
(Theorem 12, page 186). 
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The paper gives an account of measurements on the light scattering and magnetic double 
refraction of some fused nitrates. The magnetic and optical anisotropies of the NOs; group 
are calculated therefrom, and are found to be the same as for the NOg group, in nitric acid 
and in crystalline nitrates. 


1. Introduction. 
IN a recent investigation on the Raman spectra of fused inorganic 
nitrates! it was observed that the Raman lines characteristic of the nitrate 
ion appear in practically the same positions as in the spectra of aqueous 
solutions of the nitrates, suggesting that the structure of the ion is the same 
in both the states. In order to find whether other physical properties of 
the ion, as for example its magnetic and optical anisotropies, are also the 
same in fused nitrates as for the free ion in aqueous solution, we have made 
some experimental studies on light scattering and magnetic double refraction 
of fused nitrates. The present paper gives a report on these studies. [used 
zinc and cadmium nitrates were chosen for these studies, since they could 
be easily maintained in super-cooled condition over a wide range of tem- 
peratures. 
2. Light Scattering. 

(i) Polarisation of the scattered light—-The depolarisation factor of the 
scattered light from the fused nitrates was measured by the usual method 
of Cornu with a double image prism and a nicol. It is not necessary to give 
here the experimental details since they are so well known. The following 
table gives the values of the ratio, 7, of the weak component to the strong 
one in the transversely scattered light, when the incident light is unpolarised. 
The values of the depolarisation factor of scattered light from nitric acid 
of different concentrations are given below for comparison. 

(ii) Intensity of the scattered light.—The intensity of the light scattering 
of the fused nitrates was measured by comparing it with the scattering by 
benzene at room temperature. This liquid was chosen for the comparison 





1 Thatte and Ganesan; Jnd. Jour. Phys., 1934, 8, 341. 
2 S. Venkateswaran, Jnd. Jour. Phys., 1926, 1, 235. 
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TABLE I. 
Depolarisation factor, + 
Temp. °C. 
Zinc nitrate | Cadmium nitrate 
30 -B1 °44 
46 -50 -43 
65 -48 +41 
84 +45 
128 +36 +33 
140 -31 -30 
Strength of acid % .. ..| 14-1 | 28-0 | 39-2 | 46-0 | 64-7 
| 
ee i 38 og -36 | -41 -48 -57 -64 











since its absolute scattering has been measured accurately by Cabannes and 
others. 


The experimental method adopted was as follows: A strong narrow 
beam of parallel light was allowed to pass through a cell with plane glass 
windows, containing dust-free benzene. The transmitted beam was then 
allowed to pass through a similar vessel containing the fused nitrate. The 
tracks of light in the two liquids were of nearly the same cross-section, and 
their intensities were compared with the help of an Abney rotating sector. 
The cell containing the fused nitrate was then replaced by a similar cell 
containing dust-free benzene, and again the intensity was compared with 
that of the benzene in the first cell. From these two measurements the 
intensity of the light scattering by the fused nitrates relative to that of 
benzene is known. (This method naturally eliminates the effects of any 
deviation from parallelism of the incident light.) 


The measured intensities were as below. Taking the transverse scatter- 
ing by benzene at 30° C. as unity, the scattering of fused zinc nitrate at 65° C, 
was 1-18, and that of fused cadmium nitrate at 70° C. was 1-40, 
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3. Magnetic Double Refraction. 


The fused nitrate was kept in a double-walled tube, and was heated by 
a steady stream of hot water from a thermostat, circulating between the 
two walls; the temperature was maintained constant to within a degree. 


The magnetic double refraction was measured by the arrangement 
described in detail by Chinchalkar in a recent publication.? The double 
refraction was compared with that of pure acetone, with the help of a Rayleigh 
strained glass compensator. 

The experimental results are given in the following table. C,, denotes 
the double refraction, defined as usual by the expression 
Cy = “ta os 5 “ - (1) 
The second column in the table gives the values of C,, measured relatively 
to that of acetone, and the third column gives the absolute values calculated 
on the assumption that for acetone 





Cm = +016 times that of nitrobenzene 
=-4 10-8, for A=589 my. 





Zinc nitrate «| Re 5-6 x 10-4 


Coiinm niteete «| 1-38 5-0 x 10-4 





4. The Optical Anisotropy of the NO, ton. 


From the scattering data given in the previous section, the optical 
anisotropy of the NO, group can be calculated. In the first place it is 
known from X-ray measurements on the crystalline nitrates that the NO, 
group has a plane structure, with the three O atoms at the corners of an 
equilateral triangle and the N atom at the centre. With such a structure 
the two optical polarisabilities of NO, group in its plane should be equal 
and much greater than that along the normal to the plane. Let A=B and C 
be respectively the three polarisabilities. Let us assume that in the fused 
state the nitrate is more or less completely ionised, 7.e., that the metallic 
ions, viz., Zn*++ or Cd*+ are not permanently attached to NO’;. Since these 
metallic ions are isotropic, the depolarisation of the scattering will be deter- 
mined practically by the optical anisotropy of the NO, group, the metallic 
ions influencing it only indirectly through their contribution to the refractive 
index, and to the compressibility of the medium. 








3 Ind. Jour. Phys., 1932, 7, 491. 
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Defining as usual the optical anisotropy 5 of the NO’, ion by the equation 
A--C \2 

a oi 5 “ - vs 2 

to © 

the calculation of the anisotropy is easily made, since the necessary expressions 

have been derived by the earlier workers. We have 

638 ; 

BETBv4+T8 (3) 

where v is the number of NO’, ions per c.c., & is the Boltzmann constant, 

T is the absolute temperature, and £ is the compressibility. All the quanti- 

ties in the above expression are known, except f, which can, however, be 
obtained indirectly from the intensity of the scattered light. 


r= 


Calculating in this manner we find 
B=101 x10-* per atm. for zinc nitrate 
and 121 x10-® per atm. for cadmium nitrate. 
Substituting the values of the various quantities in (2), we obtain 
5 = -038 for the ions in zinc nitrate 
and -036 for the ions in cadmium nitrate, 


from which we obtain 
A 
G = 19, 
Thus the optical polarisability along directions in the plane of the NO, 


group is about twice that along the normal to the plane. 


5. Comparison with Values of the Anisotropy obtained from Other Data. 


The above value for the ratio ‘ agrees well with the value ; = 2-0 


obtained from the depolarisation of light scattering by nitric acids of different 
concentrations.* 


It is also possible, following the method of Bragg,’ to calculate the 
anisotropy of the NO’, ion from the birefringence of crystalline sodium 
nitrate, in which the NO’, ions are all oriented parallel to one another and 
perpendicular to the trigonal axis. The ratio of the refractivity of the NO, 
ions in the crystal for light vibrations normal to the trigonal axis to that 
for vibrations along the axis is found to be 1-67. In order to obtain é for 
the free NO, ion from the above ratio, we have to correct for the influence 





4 Krishnan and Raman, Proc. Roy. Soc. (A), 1927, 115, 549. 
5 W. L. Bragg, Proc. Roy. Soc. (A), 1924, 106, 346. 
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of the surrounding sodium and NO’, ions in the crystal. 


rection we obtain 
A 
.— - 
C 1 


which is nearly the same as the value obtained in the previous section. 


6. Magnetic Anisotropy of the NO, ton. 


Making this cor- 





The Cotton-Mouton constant C,, is given by the expression 
oi (n?—1) (n? +2) (A’—O’) V3 y 
- 30 nA kT 2 is 4 
Since the value of the optical anisotropy of the NO, group is now known, 
the above relation can be utilized to calculate the magnetic anisotropy of 
the ion, viz., (A’—C’) trom the known value of the Cotton-Mouton constant. 
We thus obtain 


A’ —C’ =4-4x10-® per gram ion for zinc nitrate 





and 4-0 x 10-® per gram ion for cadmium nitrate. 
These values are of the same order as that obtained by Krishnan and Raman 
from the magnetic double refraction of nitric acid, viz., 5-3 x 10-® per gram 
ion for nitric acid. 


In sodium and potassium nitrates it is well known from X-ray data 
that the NO, groups are arranged in parallel planes so that the difference 
between the principal susceptibilities of the crystals for directions in the 
plane of the NO, group and along the normal to their planes should be equal 
to A’—C’. The magnetic anisotropy® for these crystals is equal to 4-9 x 10° 
per gram ion. 

Thus we find that both the optical and the magnetic anisotropies of the 
NO,’ ion in fused crystals are practically the same as for these ions in other 
states, viz., in state of solution and in crystals. 

The author wishes to record his heart-felt thanks to Prof. K. S. Krishnan 
for his advice and keen interest in the work. 





6 Krishnan, Guha and Banerjee, Phil. Trans. (A), 1933, 231, 235. 
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DIAMAGNETISM OF COPPER. 
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7. Introduction. 


Ix a recent paper,! the author has reviewed at some length the present 
position of our knowledge regarding the magnetic properties of colloidal 
particles of metals. A few general conclusions emerge from our perusal of 
the literature on this subject. Substances like graphite (which is not a metal) 
and bismuth (which is not a metal in the true sense of the term) show a 
decrease in the diamagnetic susceptibility value on colloidalisation. The 
elegant experiments of Krishnan and Ganguli® with blue graphite not merely 
confirm the effect in the case of graphite but also indicate definitely 
that the direction of largest decrease of susceptibility on colloidalisation 
is the one parallel to the hexagonal axis. To explain the high diamagnetism 
of these elements, it was suggested by Ehrenfest® and Raman‘ that some 
of the valency electrons had large orbits. Such orbits could not be possible 
on the surface and hence increase of surface area by colloidalisation would 
bring about a decrease in the specific diamagnetic susceptibility. This expla- 
nation obviously implies that the particles are much less densely packed on 
the surface than in the interior. The effect therefore of a smaller density 
of distribution on the surface is to decrease the effective specific diamagnetic 
susceptibility of the specimen and in the case of colloidal particles, the 
surface area is sufficiently large to decrease effectively the mean value of the 
diamagnetic susceptibility of the powder. 

In the case of good conductors like copper, conditions are quite different. 
The valency electrons are considered here as free, the number of such electrons 
being of the same order as the number of atoms in the metal. Honda and 
Shimizu® have considered this question at some length and have quantita- 
tively accounted for the increase of diamagnetism on cold-working. 

Due to the expansion on cold-working, there is a diminution of free elec- 
trons and hence a decrease in the paramagnetic component due to them. 
According to Pauli,* this decrease 5 x, is given by 

5x, = =. cue(- . a a}!3 5p +> a72/8 p23 ba) a, (1) 
where C=2-21x10-", J,=the Loschmidt number, W=the atomic 
weight, p=the density, and a=the number of free electrons per atom. 


249 














250 S. Ramachandra Rao 


At the same time there should be an increase in the diamagnetic compo- 
nent due to the increase in the number of bound electrons, since on expansion 
some of the otherwise free electrons get associated with atoms. Sommer- 
feld’ has determined this increase 8X, as 

3-1X1-84x10°5 . 1 








= + sis , 
5x2 = Ww 3 a da es ee (2) 

; _ A ( 4m p\"® Sp 

where $a = 3 3M ) oy 


in which A =2-261 x 10-™ Z°5!3 and M =mass of the atom, as calculated by 
Honda, Nishina and Hirone.* ‘The total change in the susceptibility is given 
by 8x = 8x,+ 5X2. 

The net effect of cold-working is consequently to increase the dia- 
magnetic susceptibility and this is exactly the result of the observations 
of Honda and Shimizu. 


They have more recently® drawn attention to the close relations between 
colloidalisation and cold-working in metals. They explain that in the case 
of tin, the lattice constant is a little larger in the surface layer than in the 
interior, the normal value for the metal being reached at some hunderd layers 
below the surface. Thus colloidalisation should bring about increased dia- 
magnetism quite similar to what is obtained in the case of cold-working. 
This was exactly the observation made by the writer. 

The obvious interest aroused by this investigation led the author to under- 
take an inquiry into the behaviour of copper. Copper is of particular interest 
since it is a typical metal being a good conductor of electricity. Honda and 
Shimizu have investigated the effect of cold-working on this element and 
shown that there is an increased diamagnetism if the necessary corrections 
are made for the presence of ferromagnetic impurities. Copper crystallises 
in the cubic system with a face-centred structure, the side of the elementary 
cube being 3-597 A.U.!® Any directional variations are thus out of question. 

2. Experiment. 

(a) Purity of the specimen.—The specimens of copper used were in 
the form of rods 5 mm. diameter, obtained from Adam Hilger. They were 
the purest available and had been subjected to a thorough chemical and 
spectroscopic examination. Hilger’s report gave the following impurities 
in the specimen. 


Iron is .. 0-0041% 
Nickel or .. 0-0004% 
, ae ea .. 0-0005% 
Tead va .. 0-0004% 


Bismuth Trace. 
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Thallium as ~- Trace: 
Calcium és .. 0-0005% 
Magnesium .. .. 0-0001% 
Zine al .. Trace. 
Oxygen a .. 0-030% 
Total Impurities .. 0-036% 


The amount of copper present in the specimen was thus 99 -964°% which 
should be regarded as more than sufficient for our purposes. The question of 
the presence of ferromagnetic impurities will be considered later. 
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(b) Preparation of the colloidal powders——-The apparatus” used for 
colloidalisation is shown in Fig. 1. Two lengths of copper c, and ¢, were 
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cut to be about 2 cms. each and attached to two stout copper leads, such 
that the free ends faced each other. A gap of about 1 mm. was left as 
the sparking distance between the ends. After thoroughly cleaning the 
tube, pumping out, warming and drying, the sparking tube was milled with 
normal propyl alcohol or benzene. The tube was connected once again to 
the pump and after bringing down the pressure to the lowest obtainable, 
sparking was allowed to take place by connecting the leads to the secondary 
of an induction coil. The sparking currents were kept low, 2 to 8 milli- 
amperes to minimize the heat produced ; and the time of sparking ranged 
from 4 to about 1} hours. 


The coarser particles were then allowed to settle for about an hour and 
the pump connection was now sealed off. The clear liquid was then allowed 
to flow in T, till it was nearly full and the tube was next sealed off at the 
constriction drawn at A,. Thus the liquid was allowed to fill successively 
the tubes Ty and T;, each tube being sealed off after filling. 

The particles in these tubes were next allowed to settle by gravitation 
or were centrifuged. They were then filed a bit at the top and were broken 
open in vacuum. ‘The liquid was drained off and by placing the entire tube 
in a heater, the remaining liquid was evaporated. The small bulbs were 
then sealed off. 

After observing the magnetic deflections, the bulbs were broken open 
and the size of the particles determined with a high power microscope having 
an eye-piece scale which was calibrated by observing the lines of a diffrac- 
tion transmission grating. The particles were mixed with a little propyl 
alcohol as otherwise they appeared in clusters in the field of view. 

The glass bulbs were cleaned thoroughly with warm dilute nitric acid 
and then with hot distilled water and dried. The magnetic deflections were 
next observed for the bulbs alone. 

In all cases the bulbs were weighed before and after removing the copper 
particles. The masses of the powders varied from about 10 to 40 mg., 
the error in weighing being less than 0-1 mg. 

(c) Measurements of the susceptibility The Curie method was adopted 
to determine the specific susceptibilities of powders. Full details of this 
method and the calculation of results are given in an earlier paper.” 

3. Results. 


(a) Mass metal.—Small chips of copper were cut and pickled thoroughly 
with hydrochloric acid. They were then washed and dried. Several samples 
were investigated and the results for a few specimens at infinite field strengths 
are given below. 
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TABLE I. 





Sample No.| 
| 


Mass in grams 


Diamagnetic 
susceptibility y 





»2235 
-1872 


+2478 


>. ©») ¢. = 


- 1690 
+2020 
0-1993 


0-2101 








0-0805 
0-0803 
0:0798 
0-0800 
0-0799 
0-0797 
0-0798 





The results give for copper in bulk a mean specific diamagnetic suscepti- 
bility of 0-080. This value compares favourably with those of other investi- 


gators given below. 


TABLE II. 





Investigator 


Diamagnetic 
susceptibility Xx 





M. Owen 
K. Honda** 
St. Meyer*® 


Koenigsberger*® 


Honda a 


Author’® 


nd Shimizu? 





0-085 
0-086 
0-071 
0-088 
0-0848 
0-080 





The susceptibility of the. specimens was determined at different field 
strengths. According to Honda,’® 


om 

Xi =Xe te 

where x, is the specific susceptibility of the pure sample, x; the correspond- 
ing value for the impure specimen and o and m the specific intensity of magneti- 
sation and mass of the ferromagnetic impurity present in unit mass of the 
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specimen. A graph drawn between x; and 4, gives a straight line which 
could be extrapolated and the susceptibility determined for § =0 or H=c<. 
In this manner the disturbing effect of the ferromagnetic impurity can be 
eliminated. 

In Fig. 2 are plotted the results obtained for four specimens. The 


diamagnetic susceptibility in all the cases works to a value in the immediate 
neighbourhood of 0-080. 
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(b) Colloidal particles.—The results obtained for a dozen samples are 
tabulated below. For each sample, measurements were made at different 
field strengths and the value at infinite field strengths was obtained by extra- 
polating the x, } graph. The diameters of the particles in any sample 
were the same to within 5%. Fig. 3 shows the graph between the diameter 
of the particles and the susceptibility. 
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0-080 
a 
° 
Pa 
oO 
+ 0-100 
0-120) 
0-140 
0-160) 
0 1 2 3 4 5 
—> diameter in uw 
Fic. 3. 
TABLE III. 
Diameter of the ‘ Dispersing 
"seamen Mass in mg. eae x 
10-0 38-8 b 0-083 
6:0 40-2 b 0-083 
3-2 32-1 p 0-085 
2-2 23-7 b 0-086 
1-6 26-3 p 0-090 
1-5 27-2 b 0-095 
1-0 30-2 b 0-094 
0:9 18-6 p 0-098 
0:75 17-7 p 0-100 
0-65 21-3 b 0-112 
0-5 17-4 Pp 0-115 
0-4 19-5 b 0-135 














6—Benzene ; £—Propy]! alcohol. 















255 





256 S. Ramachandra Rao 


The susceptibility increases slightly as the particle diameter decreases to 
0-8. The value increases more rapidly at smaller particle sizes attaining 
0-135 at the smallest diameter obtained in this investigation, 0-4. The 
critical diameter below which a large increase in the susceptibility occurs 
is 0-8 w. This is much smaller than the corresponding values for 
bismuth?® (1-4 2), graphite?® (1-5 4) and tin®! (2-0). 

It will also be noticed that the diamagnetic susceptibility depends only 
on the dimensions of the particles and not on the nature of the dispersing 
medium—benzene or propyl] alcohol. 


Fig. 4 shows the X, 4 curves for a few of the powders’ indicated. 
A point of great importance emerges from a scrutiny of the graphs. ‘The 
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slopes of the straight lines are nearly the same, indicating that the ferro- 
magnetic impurity occurs in the same state in all the powders investigated 
or that colloidalisation is not accompanied by any separation of the iron 
content causing spurious effects to enter into the magnetic measurements. 
(c) Heating the powders.—A full description of the heating arrangement 
has been given in anearlier paper. Bits of copperand a few of the colloidal 
samples were heated and at each temperature for any specimen, the suscepti- 
bility at different field strengths was determined. It was found that the 
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diamagnetic susceptibility extrapolated to infinite field strengths was the 
same for any specimen at temperatures ranging from 30° C. to 350°C. Heat- 
ing did not also change the slope of the x, 4 curves, indicating that 


the nature of the iron content was the same at all temperatures investigated. 
4. Discussion. 


We shall first consider the possibility of impurities giving rise to increased 
diamagnetism on colloidalisation. A reference** to the values of the suscepti- 
bilities of copper compounds indicates that the ordinary compounds of copper 
are either feebly paramagnetic or less diamagnetic than the metal. Further 
it has already been pointed out that the susceptibility of the colloidal powders 
depends only on the dimensions of the particles and not on the nature of the 
liquid in which colloidalisation is effected. It is thus most probable that 
the increase of diamagnetism with decreasing particle size is a genuine effect. 
This observation receives confirmation from the experiments of Honda and 
Shimizu on the effect of cold-working on the susceptibility of copper. 


It was mentioned in section 1 that these authors observed a small increase 
of diamagnetism when copper was subjected to cold-working. The specific 
diamagnetic susceptibility changed from 0-848 to 0-926 (an increase of 
0-078) as the density of the metal diminished from 8-9521 to 8-6646. On 
the basis of equations (1), (2) and (3), the calculated value of 6X for this 
change of density works to 0-064, which agrees very well with the observed 
value. 

Honda and Shimizu have suggested that in the case of colloidal powders, 
the lattice constant is a little greater in the surface layer than in the 
interior, the normal value for the metal being reached at some hundred layers 
below the surface. Thus colloidalisation should be accompanied by increased 
diamagnetism quite similar to what is obtained in the case of cold-working. 
This is in accord with experiment. 

The results with colloidal powders do not seem to lend themselves to a 
straight calculation of the susceptibility of the surface layer and its thickness. 
However by trial, it was found that the results fitted closely with the 
calculated values assuming the thickness of the surface layer to be 0-03 yp 
and its diamagnetic susceptibility 0-200. In fact in Tig. 3, the continuous 
line has been drawn to give the results calculated on the basis of these 
assumptions and it is found that the points plot themselves near the line. 

The surface layer thus seems to be about 300 A.U. thick and hence 
contains nearly 80 atomic layers. 

It follows from (1), (2) and (3) that 


5x=K ip 
A4 
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where K is a constant for any given metal, 1.e., that the change in the 
susceptibility is directly proportional to the change in density. On calcula- 
tion, it is found that K=0-2226x10-* for copper. If the surface layer 
has a specific diamagnetic susceptibility of 0-200, then 6X =0-120 which 
gives for 3p a value of 0-539. Since the density of the mass copper was 
found to be 8-945, that of the surface layer should be 8-404. It would 
be of interest to check this result by direct experiment but no density 
measurements seem to have been obtained so far with colloidal powders. 


There is however one experimental fact which lends support to the view 
that the density of the superficial layer is less than the density of the mass 
metal. It is obvious that the lattice constant should be larger at the surface 
than in the interior. To investigate the surface layers, the recent electron 
diffraction experiments have come in very handy. G. P. Thomson* studied 
the surfaces of metallic single crystals by the electron reflection method. 
In these experiments only a few atomic layers are concerned. He deposited 
copper electrolytically on the etched surface of a copper crystal and dis- 
covered by electron diffraction methods that the spacing of part at least 
of the deposit was larger than that of normal copper, though the structure 
was roughly similar. The deposit was probably in the form of very minute 
crystals on the copper base and these gave rise tothe new spacing presuma- 
bly because of their smaller density. In fact the spacing in certain cases 
was found to be 4-5 A.U. while that of ordinary copper is 3-597 A.U. 


5. Summary. 


Colloidal copper was prepared by an electrical dispersion method, the 
dispersing medium being benzene or propyl alcohol. The particles were 
prevented from coming into contact with air by conducting the dispersing 
and centrifuging experiment im vacuo. The diamagnetic susceptibility (xX) 
of the samples was determined by a sensitive Curie method. The value 
for copper en masse was found to be 0-080. The X value increased as the 
size of the particles was reduced, the critical diameter below which large 
changes occurred being 0-8 yp. 


Honda and Shimizu have shown that cold-working in the case of copper 
gives rise to increased diamagnetism. They have pointed out that due to the 
expansion on cold-working of the metal, there is a decrease in the para- 
magnetic component due to the diminution of free electrons and an increase 
in the diamagnetic component due to the increased number of bound electrons. 
They explain that the lattice constant is a little greater in the surface layer 
than in the interior and suggest the analogy between cold-working and 
colloidalisation. ‘These conclusions are verified in the case of copper. The 
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thickness of the surface layer appears to be about 300 A. U. and its diamagne- 
tic susceptibility 0-200. On the basis of the theory of Honda and Shimizu, 
we obtain for the density of the superficial layer a value of 8-404 as against _ 
8-943 for the mass metal. Attention is drawn to the experimental work of 
Thomson on electron diffraction from electrolytic copper, wherein larger 
lattice constants were obtained for surface layers. 
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BHAGAVANTAM! investigated the Raman effect with yellow phosphorus 
in the solid state using the green and yellow radiations of the mercury arc 
as the exciting lines. He gives the characteristic frequencies as 607 (6), 
468 (3) and 374 (1); the figures in the brackets being the intensities as re- 
corded with the 5460 A. U. excitation. He has discussed his results theore- 
tically,? considering the two alternate forms for the tetra-atomic molecule, 
namely, that of a square and of a tetrahedron respectively. The former 
model would give four different frequencies of oscillation, while the tetrahedron 
would give three frequencies. Accordingly, the experimental results are 
regarded as supporting the tetrahedral model for P, which is in agreement 
with the fact that the yellow phosphorus crystallises in the cubic system.* 
For the particular law of forces adopted, the frequencies should have the 
ratio 2: 72:1; the fact that the observed frequencies deviate from this 
ratio is regarded as indicating that the force system in the molecule is more 
complicated than that assumed. In the present paper the Raman spectrum 
of yellow phosphorus has been critically studied with the substance in four 
different states: (1) vapour, (2) liquid, (3) solid and (4) solution in carbon 
disulphide. Such a comparative study is evidently of interest in order to 
ascertain the influence of the state of aggregation on the characteristic fre- 
quencies ot the molecules, and has so far been made in the case of very few 
substances. In the present investigation, some additional bands have been 
recorded besides those reported by Bhagavantam and a small shift has been 
observed in the frequency of the most intense line as we pass from the solid 
to the liquid and to vapour. 


The experimental arrangements were the same as those described in 
the previous communications of the author in these Proceedings. Small 
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transparent pieces of yellow phosphorus were kept immersed in distilled 
water and exposed in the vertical tube, the solid being kept at the room 
temperature by the circulation of cold water in an outer jacket surrounding 
the experimental tube. Liquid phosphorus was formed by the heating of 
the yellow crystals contained in an evacuated tube, by the heat of the mercury 
are itself. The solution in carbon disulphide was prepared by dissolving 
clean pieces of yellow phosphorus in freshly distilled carbon disulphide con- 
tained in a closed tube during exposure. The arrangement for the vapour 
is shown in Fig. 1. A few bits of phosphorus were contained in a thick- 
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Fic. 1. T=Tube, F=Furnace, A=Aperture, C=Cap. 


walled pyrex tube, which was evacuated, rendered moisture free, and sealed 
off. The tube was supported vertically as illustrated, inside another tube 
over which nichromie wire was wound in order to serve as an electric furnace. 
A few additional turns of heating coil at the lower end of the furnace prevented 
the condensation of the vapour in the bottom of the tube. Once the phos- 
phorus was vaporised, it was found necessary to keep the temperature high 
enough in order to prevent the formation of red phosphorus. With a 
current of about 4-5 amperes in the heating coil, the temperature inside the 
tube remained almost steady at 450°C. A series of apertures were used 
on the observation side so that the reflection from the walls of the tube was 
completely eliminated. 

The time of exposure was four hours for the solid, twelve hours for the 
liquid and the solution and six days for the vapour at a pressure of about 
15 atmospheres. The spectrograms were measured with a Hilger Cross-Slide 
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Micrometer in comparison with an iron arc spectrum which was recorded 
in the centre of every plate. 


TABLE I. 
Solid Phosphorus (Temperature 30° C.). 





Raman lines 
Exciting line Intensity 











5790-5 . 16662 
(v = 17265) 
’9 . 16800 


5769-6 17+ 16725 603 
(v= 17328) 
‘ 5928. 16864 464 


5460-7 5646- 17706 602* 
(v = 18308) 
ve 5602- 17845 463 


” 5573- 17938 370(?) 
4358-3 4476- 22335 603 


(v = 22938) 
ws 4447. 22477 461 

















* This line is followed by an unresolved wing. 
TABLE IT. 
Liquid Phosphorus (Temperature 75° C.). 





Raman lines 


Exciting line Intensity 
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TABLE III. 
Phosphorus Vapour (Temperature 450° C.). 





Raman lines 
yee " Av . 
Exciting line —_—____—_—— ee -; | Intensity 


in cm. 
A v 





5649-5 17696 612 


5603-0 | 465 
(diffuse) 











TABLE IV. 
Solution in CS, (52%). 





Raman lines 





Exciting line Intensity 





5664 17650 658 





5649 17697 | 611 

















5603 17843 | 465 





In addition to the lines tabulated above, a strong fluorescent band has also 
been recorded in all the four plates with its centre at 6400 A. U. and extending 
from 6230 4. U. to 6550 A. U., which is evidently due to the phosphorus 
itself. ‘The strong line at 602 in the solid is accompanied by a faint wing to 
the red side, which would probably resolve into a companion line at higher 
dispersions. The faint line at 374 reported by Bhagavantam® has appeared 
only as a faint darkening on the plates of the solid and the liquid and the 
author is, hence, unable to confirm the reality of that line. 

The influence of change of state on the Raman lines is not shown to any 
marked extent. The line at 602 in the solid is shifted slightly towards a 
higher frequency while passing from the solid to the liquid and hence to the 
vapour, the variation in frequency being of the order of four wave-numbers 
from the solid to the liquid and six wave-numbers from the liquid to the 
vapour. The shift remains almost the same in the two states of the vapour 
and the solution. The line at 464 appears unshifted in all the four states ; 





5 Bhagavantam, S., Loc. cit. 
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but in the case of vapour it has become slightly more diffuse. Only small 
variations in the frequency have been observed in the past in the case of the 
non-polar compounds like H, or O,,® while the polar molecules like hydro- 
chloric acid’? give in general large shifts. In the case of sulphur, the author? 
has not been able to observe any change in the frequencies from the solid 
to the molten conditions. Hence we are led to conclude that the small 
shifts observed in phosphorus while passing from the solid to the vapour 
are only such as could be accounted for by the Lorentz-Lorentz forces and 
shows that the P, molecule is non-polar. It may also be of interest to men- 
tion that though the frequency shifts in the vapour and solution are almost 
identical, the spectrum of carbon disulphide itself is comparatively feeble. 

In conclusion the author wishes to thank Prof. Sir C. V. Raman for his 
kind interest in the work. 

Summary. 


The Raman spectrum of yellow phosphorus as vapour, liquid, solid, 
and solution in carbon disulphide has been obtained. Only small changes 
in frequency are observed while passing from solid to liquid and to vapour, 
indicating the non-polar character of the molecule. The spectrum of carbon 
disulphide is rendered weak although the spectrum of phosphorus in solu- 
tion comes out strongly. A strong fluorescent band extending from 6230 
A. U. to 6550 A.U. has also been recorded in all cases. 





6 Kohlrausch, Der Smekal-Raman Effect, 1931, p. 126. 
7 Callihan and Salant, Jour. Chem. Phys., 1934, 2, 317. 
8 Venkateswaran, C. §., Proc. Ind. Acad. Sci., 1934, 1, 120. 
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Introduction. 


IN connection with a systematic study which is being made in these 
laboratories on the kinetics of heterogenous organic reactions! we have 
investigated the reaction between solid silver nitrate and benzyl chloride 
in the absence of all solvents and diluents. No previous work of this type 
appears to have been carried out on the reaction. Burke and Donnan? 
(1904), Donnan and Potts* (1910) and Senter* (1910) investigated the reaction 
between silver nitrate and alkyl iodides in alcoholic and aqueous alcoholic 
solutions and have found the reaction to be complicated by the presence of 


the solvent. 
Materials Used. 


Silver Nitrate—Experiments were carried out with Kahlbaum’s “‘purest 
for analysis’, Merck’s ‘“‘purest guaranteed reagent’, and Johnson’s ‘‘double 
crystallized’’ silver nitrate. It was found that all these different samples 
gave results agreeing within the experimental error. To obtain reproducible 
results, it was essential to have the particles of silver nitrate of average 
uniform size. This was accomplished in the following way :— 

Silver nitrate was ground in a pestle and mortar in dim diffused light, 
and then sieved through a silk cloth of fine mesh to remove small particles, 
and then through a slightly bigger mesh. What passed through the second 
mesh was collected. The particles were examined under a microscope and 
the sieving repeated until they were of an average uniform size, and gave 
a standard rate of reaction under standard conditions. The standard reaction 
formedium size particles was :-— 





~ 


. Chem., 1935, 39, 727, 901, 907. 


J. Phys 
2 J.C. S., 1906 S35, 355. 
3 J.C. S., 1910, 97, 1882. 
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Temperature | Benzyl! chloride Time of reaction | Initial silver sess a” 
| | | 
35°C.+1° 5 ¢.¢. | 10 mts. 1-85+ -05 








| 2 gm. | 





The sieving cloths and the process of sieving were standardized before 


beginning the set of experiments. 


Three different sizes of particles denoted “‘Small’’, ‘““Medium”’ and “‘Large”’ 
were employed. No difficulty was experienced in preparing fresh samples 


of the sizes. 


It was observed that the presence of moisture considerably inhibits the 
Hence the samples of silver nitrate were kept in the 


reaction (see Fig. 4). 





Small size 


Medium size 


Large size 





Ss M L 
Mesh of fine sieve L 0-019 em. L 0-028 cm. | L 0-048 em. 
B 0-017 em. B 0-024 em. B 0-037 em. 
Mesh of coarse sieve - L 0-023 em. L 0-031 em. L 0-057 em. 
B 0-017 cm. B 0-026 em. B 0-049 em. 


Average weight of a 
particle 


Number of particles 
per gm. ws 


Average volume of a 
particle 


Average dimensions 
of a particle 


Average surface area 
of a particle 


Surface areaof one 
gm. : 





1-216 x10-° gm. 


82402 


2-795 x10-8e.c¢. 


L 0-031 em. 
B 0-019 em. 


T 0-00474 cm. 


0-00165 sq. cm. | 


136 sq. em. 





| 


| 


4-272 x 10-5 gm. 


23407 


9-82 x 10-8 @.e. 


L 0-048 em. 
B 0-03 em. 
T 0-00682 em. 


0 -00394 sq. cm. 


92-2 sq. cm. 





4-145 x10 gm. 


2412 


9-53 «10-%e.¢. 


L 0-093 em. 
B 0-055 cm. 


T 0-0186 cm. 


0-0158 sq. cm. 


38 sq. cm. 
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dark, in a desiccator over phosphorus pentoxide. At intervals the reaction 
velocities of these samples were checked in standard experiments. 


The sizes of the meshes of different cloths, and the sizes and surface 
area of particles are given in the above table. 
The average surface area of a particle was determined as follows :— 


A fraction of a gram of the particles was weighed and the number of 
particles was counted. From this, the average weight of a particle and the 
number of particles per gram were calculated. Then about fifty particles 
were examined under a microscope. The shape of all these three types was 
observed to be cuboid. The length and breadth of each particle was measur- 
ed under the microscope by means of a standard scale placed in the eye- 
piece. From this the average length L, and the average breadth B of each 
particle were calculated. From the average weight of each particle, and the 
density of silver nitrate (4-35), the volume of each particle was determined. 
Hence from the knowledge of the volume and L, and B, the average thickness 
T of each particle was calculated. The surface area was calculated from the 
formula 2(L x B+L xT+B xT). 

Benzyl Chloride—Kahlbaum’s benzyl chloride “ purest’? was used 
throughout the set of experiments. Its properties were not altered by 
fractionation under reduced pressure. The standard rate of reaction of a 
sample of benzyl chloride decreases on keeping for some weeks. The effect 
is marked with smaller amounts (less than one gram) of silver nitrate, where 
the impurity in the benzyl chloride is relatively more important. The 
decrease is probably due to the hygroscopic nature of benzyl chloride. 
Accordingly, it was preserved in small lots in amber-coloured bottles under 
anhydrous conditions. 


Experimental Methods. 


Benzyl chloride was measured by means of a burette, protected from 
moisture, into a small conical flask. It was confirmed that Jena-glass bottles 
gave the same result. A thermometer was fixed through the cork, and the 
flask was covered with black paper and was kept in an air thermostat adjusted 
to 35°+ -2°C. 

When the bottle attained the required initial temperature, sieved silver 
nitrate previously weighed in a weighing bottle and kept in a desiccator was 
added and the stop-watch started. The bottle was shaken by hand to mix the 
reactants thoroughly—this shaking is necessary—and it was then placed 
on the shaker which was also fixed in the thermostat, and the latter was 
started. The speed of rotation of the shaker was kept constant by means 
of a rheostat in the circuit of the motor. It was confirmed that variation of 
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speed of shaking between 75 and 180 revolutions per minute did not affect 
the rate of reaction (see Tables IV and V). 


After a definite interval of time, the bottle was removed from the shaker, 
the temperature was read and the silver salts were rapidly filtered through a 
gooch crucible and washed free from benzyl chloride with dry ether or 
acetone. The receiver was then changed and the residual silver nitrate 
was washed down with distilled water. This washing was titrated with 
standard ammonium thiocyanate. In this way the amount of silver 
nitrate unused was obtained. This minus the initial amount gave the silver 
nitrate used. 





In some experiments the results were checked by gravimetric estimation 
of the residual silver chloride. The volumetric and gravimetric results agreed 
excellently. 


TABLE I. 


Small Size Particles. 

















eT oe | ot at ee | ee K 

gm. C.c. mts. °C. °C. gm. gm. 
1 5 3 34 35 0-387 | 0-613 | 0-0020 
1 5 5 34 35-3 | 0-18 0-82 0 -0019 
1 t- 4 34 35-5 | 0-033 0-967 | 0-0021 
1 20 3 34 35 | 0-404} 0-596 | 0-0019 
1 20 5 34 35 0-194 0-806 | 0-0019 
1 20 7 34 35-3 | 0-072/| 0-928 | 0-0018 
3 5 3 33 37-5 | 0-73 2.27 0 -0027 
3 5 5 33 35-5 | 0-30 2-70 0 -0025 
3 5 1 33 37 | 0-04 2 -96 0 -0024 
3 20 3 34 36 1-065 | 1-935 | 0-0021 
3 20 5 34 36 0-27 2-73 0 -0024 
-0023 
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Control of Reaction Temperature. 

The reaction is exothermic and with the larger amounts of silver nitrate 
the rise in temperature is marked. As the heat of combustion of benzyl 
nitrate has not been determined, the heat change in the reaction cannot be 
calculated. 

After a number of experiments it was found that by starting a little below 
35° C. and by adjusting a wet cloth of suitable dimensions around or at the 
bottom of the bottle it was usually possible to keep the average temperature 
of the reaction close to 35° C. The degree of the wetness of the cloth and the 
extent to which the bottle was covered with it for different systems was deter- 
mined in preliminary experiments. It was confirmed that the reaction is not 
sensitive to small temperature variations. 

Experimental Results and Discussion. 
TABLE II. 
Medium Size Particles. 

















| Sk | oe | SS Se 

gm. c.c. ints. °C. ©: gm. gm. 

1 5 2-5 35 35-7 0-60 0-40 0 -0020 
1 5 5 35 34 0 +32 0-68 0 -0020 
i 5 7-5 35 37 0-164 0 +836 0 -0020 
i 5 10 35 36 0-07 0-93 0 -0019 
1 10 2°5 35 36 -6 0-62 0-38 0 -0019 
1 10 5 35 34-5 0-37 0-63 0 -0018 
1 10 7:5 35 35 0-19 0-81 0 -0018 
1 10 10 35 35 +3 0-07 0-93 0-0019 
1 20 2-5 35 35 0-65 0-35 0 -0017 
I 20 5 35 35 -6 0-352 0 -648 0-0019 
1 20 7-5 35 35 +6 0-144 0-856 0 -0020 
1 20 10 35 37 0-07 0-93 0-0019 
2 5 2-5 34 37 1-19 0-81 0 -0020 
2 5 5 34 37 0 -66 1-34 0 -0020 
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TABLE II]—(Contd.) 
Medium Size Particles. 





AgNO3 | Benzyl Temp. | Temp. AgNOs3 
initial chloride initial | final left 





°C. . 
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TABLE III. 
Large Size Particles. 
| deems. | ee | See ee | ee ee K 

gm. c.c. mts. °C. °C. gm. gm. 

1 5 5 34 35 0-678 0-322 0 -0020 
i 5 15 34 36 0-24 0-76 0 -0020 
1 5 25 34 35-7 0-096 0-904 0-0017 
1 20 5 35 35 0-678 0 +322 0 -0020 
¥ 20 15 35 33 +5 0-274 0-726 0 -0018 
1 20 20 35 34 0-15 0-85 0-0019 
1 20 25 35 35 +2 0 -096 0-904 0 -0017 
3 5 5 34 35 2-08 0-92 0 -0018 
3 5 15 34 35 +5 0-678 2 +322 0 -0021 
3 5 20 34 35 0-46 2-54 0-0018 
3 5 25 34 34 0-323 2-677 0 -0016 
3 20 5 34 33 °6 2-10 0-90 0-0018 
3 20 15 34 35-5 0-654 2 +346 0 -0021 
3 20 25 34 33 +5 0-186 2-814 0-0019 


























Tables I, II, III, and Figs. 1, 2 and 3 give the results of the experi- 
ments. It will be seen that the rate of the reaction is independent of the 
initial amount of benzyl chloride. That is to say, if we take two grams 
of silver nitrate, it matters not as far as the rate of reaction is concerned 
whether we start with 5c.c., 10c.c. or 20c.c. of benzyl chloride. This 
is a striking result, since with smaller amounts of benzyl chloride, the con- 
centration of benzyl nitrate in the liquid reaction mixture increases rapidly. 
One would expect therefore the rate of reaction to fall off more quickly than 
with larger initial quantities of benzyl chloride. 

We can explain this result by assuming that benzyl chloride is adsorbed 
on the surface of the silver nitrate crystals, and that the amount of adsorption 
does not depend greatly on the concentration of benzyl chloride in the 
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mixture. There is therefore always a constant concentration of benzyl 
chloride on the silver nitrate surface, and the rate of reaction is consequently 
proportional to the surface of silver nitrate present, so that during an experi- 
ment the interface between silver nitrate and silver chloride will travel inwards 
through the crystal at a constant linear rate. 
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FIG. 1. Small Size AgNOz; Particles. 
Benzyl Chloride + AgNOs3 
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x Calculated from K = 0-002 


This type of reaction has been found by Spencer and Topley® (1929), to 
apply to the decomposition of silver carbonate. They point out that an 
equation of the type deduced below applies strictly only to particles of uni- 
form size, but is approximately true as an average result when factors such 





5 J.C. S., 1929, 2633. 















i- 





The Kinetics of Heterogeneous Organic Reactions 273 


Kg 
3 gms. AgNO3 
2 
e 
> 
” 
q 
« 3 
GS 
2 oO 
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ee ale es ee ee See ee 
FIG. 2. Medium Size AgNO3 Particles. 


Benzyl Chloride + AgNOz 


° 5 c.c. + 1,2 &3 gms. 
Aa 10 c.c. + es 

a 20 c.c. + “ 

X Calculated from K = 0-002 


as irregular shape and different reaction rates parallel to different crystal axis 
are averaged over the large number of particles contained in the reactive 
material. They also point out that reactants can be assumed to pass to 
and from the crystal interface by means of micro-fissures in the crystals. 


With substances with large molecules such as benzyl] chloride and benzyl 
nitrate this hypothesis is not so probable. On the other hand the silver 
chloride formed around the silver nitrate particles may have a loose porous 
form, that is to say, a continuous crystal lattice is not formed but rather an 


agglomeration of particles. 
AB & 
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FIG. 3. Large Size AgNO; Particles. 
Benzyl Chloride 7- AgNO3 





(0) 5 c.c. + 1&3 gms. 
a 20 c.c. + a 
x Calculated from K= 0-002 


It must also be emphasised that while in many liquid phase heterogeneous 
reactions, the chemical effect is obscured by conditions of physical transport, 
yet in many other instances the chemical effect predominates. Roller® (1935) 
cites a number of reactions in which diffusion does not play a part, ¢.g., 
Schmidt and Durau? (1924) showed that the rate of solution of glass in alkali 
is independent of the rate of stirring, and the concentration of alkali, but 
depends on the surface of the glass exposed. In our experiments the con- 





6 J. Phys. Chem., 1935, 39, 221. 
7 Z. Phys. Chem., 1924, 108, 128. 
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centration of benzyl chloride in the reacting medium is always high being 
never less than 60% by weight. This may tend to minimise diffusion effects, 
since there are always a large number of molecules near the reacting surface. 


The real test of the hypothesis, however, is to examine how far the 
corresponding kinetic equation can reproduce the experimental results. 


We deduce the kinetic equation as follows :— 


Let A be the intial amount of silver nitrate in gms. and let X be the 
amount left at a time ¢. Let K be the number of gms. of silver nitrate 
reacting per sq. cm. of silver nitrate surface per second. Let § be the 
surface in sq. cms. of one gm. of the silver nitrate initially used. 


Now if the silver nitrate particles be taken on an average to be spheres 
of the calculated surface area, the surface of the X gm. remaining after time 
t will be equal to 





A’ 
Hence 
1 
OME aces snigtninernaieeeel (1) 
ee ee ee ae (2) 
KSA?x? 

3 $ 
___3A : Bh NGS Sane ccaala del ieadeathl (3) 

KSA® at 


The values of K calculated from (4) are shown in Tables I, II and III 
and the constancy of the values indicates the general correctness of the 
assumed mechanism. A more stringent test is to use (4) to calculate the 
experimental results. 

Examination of all experimental results indicate that K has an 
average value of 0-002. Hence as the small size (S) of silver nitrate used 
has a surface area per gm. of 136 sq. cm. we have for this sample the 
kinetic equation 


§ 
3 x 
0-002 = (136) (: — *) a ee (5) 
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For the medium size (M) with the surface area per gm. of 92-2 sq. cm. 


we have 
1 
3 x? 
0-002 = ma _ =) Sin cussirsuiead ovechica Sonia iat aah (6) 


And for the large size (1,) with the surface area per gm. of 38 sq. cm. 








| 























From (5), (6) and (7), X has been calculated for various values of ¢, and 
the results are shown by full lines in Figs. 1, 2 and 3. 

It will be seen that the equation reproduces well the experimental results, 
The agreement is all the more striking when it is remembered that for 
all these three results involving three different sizes of silver nitrate only one 
constant K =0-002 has been used. d 

It should be noted however that with quantities of silver nitrate below 
1-5 gm. it was more difficult to get constant result, low rates of reaction being 
sometimes obtained. It is believed that this effect is due to impurity in the 
benzyl chloride, but it is hoped to investigate the matter further. 


Effect of Speed of Shaking. 

A few experiments were made to see whether the change in the speed of 
shaking has any effect on the velocity of reaction. The speeds employed 
were 180, 120 and 75 revolutions per minute of the shaker. The general 
experimental technique was the same as described before. The results are 
given in the Tables IV and V. 

It will be seen from the results that change in the speed of shaking 
within limits has no effect on the velocity of reaction. 

Effect of Water. 

It has already been stated that moisture inhibits the reaction to a 
considerable extent. A few experiments were carried out to study quantita- 
tively the effect of water on the rate of reaction. Distilled water was added 
to benzyl chloride before the reaction. Otherwise the experimental 
procedure was the same as before. 


The systems studied were 


Benzyl chloride Silver nitrate H,O 
5 c.c. 2 gin, 0-01 c.c. 
5 2» 0-05 ,, 


on 
bo 


” 0-10 





” 
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, TABLE IV. 
te Results with Variation in the Shaker Speed. 
No. of shak AgNO: AgNO, 
pty tes Time acaamunes. eft F oii r K 
Initia. chloride per mt. gm. gm. 
le | | 
| 180 0-62 | 0-38 | 0-0017 
1gm.| 5c.c. 2-5 mts. | - 120 0-56 | 0-44 | 0-0023 
al | 15 0-65 | 0-35 0 -0017 
| 180 0°37 0-63 0-0018 
re 1gm.| See. 5 mts. / 120 0-25 0-75 0 -0024 
or } | 
one | 75 0-31 | 0-69 0-0021 
180 0-05 | 0-95 0 -0020 
low | 
ing 1 gm. 5 ¢.¢c. 10 mts. 120 0-03 0-97 0 -0022 
7” | a5 0-05 | 0-95 | 0-0020 
TABLE V. 
l of Results with Variation in the Shaker Speed. 
ved 
, NY r No. of shaker AgNO; AgNO 
ral 5 ie = re Time revolutions left ‘ used 7 K 
are ‘a per mt. gm. gm. 
‘ing 180 0-60 0-40 0 -0020 
1 gm. 10 c.¢. 2-5 mts. | an 0-62 0-38 0 -0017 
| | 75 0-58 0-42 0 -0022 
oa | 
ita- | 180 0-33 0-67 0 -0020 
ded 
tal 1 gm. 10 c.¢. 5mts. | {120 0-28 0-72 0 -0022 
| | 75 0-30 0-70 | 0-0021 
| | 180 0-07 0-93 0-0019 
lgm.| 10c.c. 10 mts. | 120 0-04 0-96 0 -0021 
| | 75 0-09 0-91 | 0-0018 
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The results are shown graphically in Fig. 4. The-effect of 0-01 c.c. of 
water on the reaction of 5 c.c. of benzyl chloride (0.18% by weight) is 
marked. This effect increases with the amount of water added. 


4 va 0c.c. HeO 
” 0-01 c.c. H2O 
. 7 0405 c.c. HO 
2 0-1 Ho( 
S J O-lec. He 
5 Oo 
w 
” 
> 
~» 
2 
Iho 
<q 
0-5} 
TIME IN MINUTES 








o 5 10 +15 20 25 30 35  4o 45 


FIG. 4. Effect of H2O. : 
Benzyl Chloride + AgNO3 + H2O 
x 5 c.c. +2gms. +0c.c. 
3 sa + , + 0-01 c.c. 
4 . + 5 + 0°05 cc. 
a e a + 0-l cc. 
Summary. 


(1) The kinetics of the reaction between benzyl chloride and solid silver 
nitrate has been studied in the absence of solvents and diluents. 

(2) The reaction is independent of the amount of benzyl chloride, 
but is proportional to the surface of silver nitrate present. 

(3) The reaction has been studied with particles of three different sizes, 
and it has been shown that all the experimental results can be reproduced by 
the kinetic equation derived on the assumption that the rate of reaction 
depends only on the surface of silver nitrate present. 

(4) The velocity of reaction is independent of the speed of shaking. 

(5) Water inhibits the reaction ; the effect of 0-18% by weight of benzyl 
chloride taken is marked and this effect increases with the amount of water 
added. 
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7. Introduction. 


Ix spite of the fact that organic compounds generally give rather compli- 
cated Raman spectra, the extensive researches in this field carried out in the 
last few years have enabled, in many cases, the modified lines to be classified 
into groups which can be identified as due to certain characteristic groups or 
chemical bonds in the molecule. In order to interpret the results in relation 
to the molecular structure, it is important to obtain the Raman spectra of 
the compounds studied as completely as possible. The simple ring com- 
pounds repeatedly investigated by several workers include benzene, cyclo- 
hexane and naphthalene. But comparatively little work has been done in 
other cyclic compounds possessing a somewhat similar structure. The 
present paper gives the results obtained by the author with dioxane and 
tetralin. 


Explanation of Symbols. 








Symbol] Wavelength | Wavenumber 
| 
a 3650 | 27358 
b 3655 | 27353 
d 4047 | 24705 
e | 4078 24516 
f 4339 23039 
g 4348 22995 
h 4358 22938 
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TABLE I. 






CHo CH, 
The Raman frequencies of Dioxane from 4047 A. U.—5100 A. U. of 


O 


CH, CH, 



















































Raman lines Intensity 
No Av in cm.*} Assignment 
r | v watt | With filter 

1 4062-5 24609 2779 1 a 

2 4067 +3 24580 2773 0 b 

3 4076-6 24523 2863 4 a 

4 | 4086-8 24462 243 2 d 

5 | 4092-7 24427 2961 6b a 

6 | 4099-5 24387 1449 3b 1 h 

| (double) 

7 | 4111-7 24314 3075 1 a 

8 | 4116-6 24285 421 0 d 

9 | 4118-5 24273 433 3 d 
10 | 4127-6 2422 485 5 d 
11 | = 4140-1 24147 1209 0 h 
12 | 4148-7 24097 419 0 e 
13 | 4156-8 24050 466 0b e 
14 | 4188-5 23868 837 88h 2 d 
15 4191-1 23854 851 lsh d 
16 4204-7 23771 835 3 1 h 
17 | © 4207-7 23759 946 0 d 
18 4220-2 23689 1016 8 0 d 
19 4221-4 23682 834 2 e 

23596 
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TABLE I (contd.) 


















































Raman lines | Intensity 
No. Av incm."? Assignment 
r v Without | with filter 
21 4240-3 23576 1129 3 d 
29 4255-0 23495 1210 0 d 
93 4256-8 23485 1221 5 0 d 
24 4272-5 23399 1306 6 0 d 
95 4277-4 23372 1333 2 eo d 
26 4291-1 23297 wig | 1 e 
27 4297-8 23261 1444 6 0 d 
98 4306-0 23249 1455 0 ha d 
29 4307-9 23207 1299 0 . 
30 4393-0 22757 181? 0 h 
31 4441-0 22512 426 0 0 h 
32 4442-3 22504 434 2 2 h 
33 4451-6 22458 480 4 3 h 
34 4523-2 22102 836 | 10sh 8 h 
35 4525-6 22090 gig. | «(OO 0 h 
36 4535-2 22044 2662 1 d 
37 4546-7 21988 2718) 3 d 
950 § 0 0 h 
38 4554-5 21950 2756 0 d 
39 4560-3 21922 te 6 4 : 
40 4576-3 21846 i 8 2 2 
41 4582-2 21818 _ 3 1 - 
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TABLE I (concld.) 































































Raman lines | Intensity 
No. | Sv incm,~? Assignment 
r y | Without | with iter 
42 4597 -7 21744 2962 10 1 d 
43 4600-8 21729 1209 1 ee h 
44 4603 - 4 21717 1221 6 f h 
45 4616-8 21654 2863 3 fe e 
46 4621-4 21632 3074 ) d 
: 1306 § S 4 h 
47 4626-2 21610 1328 2 1 h 
48 4640-3 21544 2973 3(b) at e 
49 4650-8 21496 1442 8 6 h 
50 4652-6 21487 1451 0 0 h 
51 4929-6 20279 2659 I 1 h 
52 4944-5 20220 2718 1 1 h 
53 4960-7 20153 2785 3 2 h 
54 4980-9 20071 2867 8 6 h 
55 4986-1 20050 2888 2 c h 
56 4991-6 20027 2968 1 0 
57 5006-0 19970 2968 8b 8 h 
58 5032-8 19864 3074 1 0 h 
2. Experimental Arrangements and Results. 

The experimental set up was the same as that previously used in the 
investigations of the author.!. The two liquids used in this investigation 
were those used for the measurements of dipole moments at the Institute 

1 Venkateswaran, C. S., Proc. Ind. Acad. Sci., 1935, 1, 850. 















































TABLE II. ap 
The Raman frequencies of Tetralin from : fe ¢ 
4047 A. U.—5100 A. U. be, Fs 
CH, CH, 
Raman lines Intensity 
No. Av in cm,*? Assignment 
A v —— with filter 

r 4071-7 24553 153 6 1 d 
2 4089-1 24448 258 2 0 d 
3 4095 -5 24410 2944 | 1 b 
4 4104-6 24356 1418 0 h 
5 4117-6 24279 427 2 0 d 
6 4119-9 24266 440 2 d 
7 4123-2 24246 460 0 d 
8 | 4130-8 24202 504 b d 
9 4139-9 24148 557 0 d 
10 4143-8 24128 578 3 d 
11 4164-6 24005 701 1 d 
12 4168-1 23985 721 8 2 d 
13 4176-5 23946 760 0 d 
14 4181-8 23906 800 1 A d 
15 4184-5 23891 815 2 d 
16 4200-8 23798 908 2 d 
17 4214-0 23724 982 0 d 
18 4223-2 23672 1034 10 3 d 
19 4228-0 23645 1061* 0 d 

* An asterisk mark against some of the frequency numbers shows that they possess a doublet 

structure. 
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TABLE II (contd.) 











































































Raman lines Intensity 
No. Av in cm.*} Assignment 
r v Without | With filter 
23584 0 
23546 1 
23506 
23476 
23421 
25 4277-0 23369 1336 3 oi d 
26 4279-5 23360 422 0 2 h 
27 4285-7 23327 1379 2 ie d 
28 4293-8 23278 1427 6 1 d 
29 1298-4 23258 1448 1 dy d 
30 4307 -9 23207 1499 0 és d 
31 4309-7 23197 259 1 2 h 
32 4322-0 23130 1575 0 ” d 
33 4326-6 23106 1600 8 x | a 
34 4329-3 23092 154 4 4 h 
35 4387 -9 22784 154 5 S h 
36 = 4408-1 22680 258 3 4 h 
37 | 4409-9 22670 268 0 h 
38 | 4440-0 22511 427 3 6 h 
39 4443-1 22500 438 0 h 
40 | 4446-0 22486 457 1 4 h 
* An asterisk mark against some of the frequency numbers shows that they possess a doublet 
structure. 
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TABLE II (contd.) 














| Raman lines | Intensity 
No. | Av in cm."} Assignment 
| d , Without | with filter 

41 4455-4 22438 505 2 5 h 
42 4467-0 22380 558 0 1 h 
43 44705 22363 575 3 4 h 
44 4495-0 22241 697 1 1 h 
45 4499-6 22218 720 8 10 h 
46 4508-1 22176 762 0 0 h 
47 4515-8 22138 800 0 z h 
48 4518-7 22124 814 1 2 h 
49 4537-0 22035 903 i 0 h 
50 4544-1 22004 1035 0 0 f 
51 4552-7 21959 | 0 » qh 
52 4560-3 21903 1035 8 10 h 
53 4570-3 21874 1064* 3 2 h 
54 4576-9 21843 2863 1 d 
55 4584-5 21806 2902 1 ee d 
56 4590-5 21778 poe 4b 4 d 
57 4594-0 21762 2943 0 0 d 
58 4601-4 21726 1202 5 6 h 
59 4607 -0 21704 1234 0 1 h 
60 4617-1 21653 peony 6 3 dh 
61 4627-8 21602 1336 1 2 h 
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TABLE II (concld.) 

















Raman lines Intensity 
No. Av incm,*! 7 Assignment 
; Without Join ae 
62 4636 -3 21563 1383 1 2 h 
63 4647-4 21511 1427 6 6 h 
64 4652-2 21489 1449 1 : 2 h 
65 4662-8 21440 1498 0 0 | oh 
66 4680-8 21362 1576 2 2 | h 
67 4685-1 21339 1599 3 4 h 
68 4980-8 20071 2867 3 3 h 
69 4989-8 20035 2903 1 1 h 
70 4993 -7 20020 2918 0 0 h 
71 4998-3 20001 2937 6 6 h 
72 5018-7 19920 3008 1 1 h 
73 5025 19892 3046 10 10 h 


























and the author's thanks are due to Dr. M. A. Govinda Rau for kindly per- 
initting the use of the extra-pure substances which he had carefully prepared 
for his work. In order to facilitate the proper assignment of the excited 
lines, spectrograms were taken with and without filters. An alcoholic 
solution of p-nitro-toluene was found to be an efficient filter which cut off 
almost completely the 4046 radiations while transmitting the 4358 radiations 
of the source with maximum intensity. For dioxane, an alkaline solution 
of o-cresolpthalin helped to clear up the 4916 region considerably. The 
filter was contained in an outer jacket surrounding the experimental tube as 
in Fig. 1. It would be of interest to mention that tubes with almost per- 
fectly flat ends could be easily made in pyrex glass with the outer tube fused 
to the bottom and supported with a few spokes dug into its walls at the top. 
In order to prevent the evaporation of the filter solution when the tube was 
placed close to the arc, the top end was closed with plaster of Paris through 
which two small tubes were passed for the introduction of the solution. The 
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TABLE ITI. 


The intensities given in the brackets are for the 4358 excitations. 














Dioxane Tetralin Cyclohexane Benzene 
cape a ars , Grassm d 
Author Villars Author Mukerji ne Kitcheemeti| Willer 
(Incomplete) 
181(0)? eh 154(8) 162(3) 158(4) 
243(1) °° 259(4) 265(2) 265(3) | 381(4) 
291(0) 268(0) oe a oe 
425(0) Sa 427(6) 430(4) 432(2) 425(1) 404(1) 
439(0) ae Ae 


433(2) 434(00)|  459(4) 


482(4) 519(00) | 505(5) 511(3) 513(3) 
| 558(1) 561(2) 567(2) 
577(4) 582(3) 585(3) 607 (8) 
699(1) 699(2) ~ 695(0) 692(1) 
720(10)|  723(5) 724(4) 


761(0) 752(1) 759(1) 781(0) 
837(8) 837 (4) 800(1) as ee 804(10)|  802(0) 
849(1) 53 814(2) 814(2) 815(2) 824(4) 

839(0) 848(0) 849(4) 
| 905(0) 
946(0) oe 980(1) me oa 984(2) 
992(15) 
1012(6) ” 1035(10) | 1037(7) | 1038(5) | 1028/8) | 1034(1) 
1063(3) % i 
1109(3) - 1122(0) 
1117(1) | 

1124(3) 1163(4) | 1174(0) | 1160(1) | 1156(1) | 1176(4) 

1209(1) ss 1201(6) | 1205(6) | 1204(4) 

1221(5) | 1214(1) | 1232(1) om ‘i 1266(5) 

1285(3) | 1283(1) | 1283(2) 1285(0) 

1306(8) ri iy Gs os 

1328(2) * 1336(2) ” 1340(14) | 1344(4) | 1326(4) 


1444(8) 1442(2) 1427(6) 1433(3) 1433(3) | 1444(5) 1403(2) 
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TABLE III (contd.) 


























Dioxane Tetralin Cyclohexane Benzene 
ae pangs a Grass d 
Author Villars Author Mukerji ee Krishnamurti “Weiler 
- (Incomplete) 
1451(1) 1448(2) 1458(5) 1456(3) 1449(4) 
1499(0) me “F 1480(0) 
1575(2) 1582(3) 1583 (3) 1585(12) 
1600(4) 1602(3) 1602(3) 1606(8) 
2660(1) 2662(1) 2615(2) 
2718(1) 2720(00) 
2784(3) 
2863(8) 2864(3) 2865(4) 2865(4) 2862(24) | 2852(8) 
2888(2) 2902(1) 2889(1) 
2968(10)b| 2967(3) | 2937 (6) 2940(4) | 2922(8) 2949/4) 
| 3008(1) ss 3049(8) 
3064(1) 3049(10) | 3046(5) 3049(5) 3064(12) 
































y 





Fig. 


1. 








2 Villars, Jour. Amer. Chem. Soc., 1930, 52, 4612. 


spectrograms were measured as usual and the 
results are tabulated in Tables I and II. The 
photographs are also reproduced in the accompany- 
ing plates. Dioxane was comparatively a poor 
scattering medium and an exposure of forty hours 
was required to bring out all the lines in its 
spectrum without any filter. Tetralin gave an 
intense picture at an exposure of nine hours ; but in 
this case a continuous spectrum was also present. 
3. Discussion of Results. 

(a) Ditoxane.—Except for a short report on 
the principal Raman lines by Villars,? this compound 
has not been studied in any great detail. From 
the point of view of the Raman effect this is an 
interesting compound, for it affords the unique 
example of a molecule possessing a structure similar 
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to that of cyclohexane, but with two of the methylene groups replaced by 
oxygen atoms. As can be seen from the first column in Table III, the 
spectrum of dioxane consists of twenty-four lines of which fourteen have 
been observed for the first time. The author has been fortunate to be able 
to examine the cyclohexane plate of Krishnamurti’ side by side with the latter 
and the comparison of the two reveals the following facts :— 

(1) Both the compounds give only feeble wings accompanying the 
Rayleigh lines. 

(2) All the important lines of cyclohexane appear more or less in the 
same position in dioxane. 

(3) The region between 2863 and 2968 is covered by a band in both 
the cases which is attributed to the rotational spectrum accompanying the 
vibrational line due to C-H linkage. 

(4) The wing structure of 1444 of cyclohexane is resolved into a close 
companion line in dioxane. 

The outstanding differences in the two spectra are the following :— 

(1) An intense line at 1306 (marked by the arrow in the accom- 
panying plate) which is absent in cyclohexane, is one of the fundamental 
lines in dioxane and this is to be attributed to the oscillation of the 


ff 
roup O : 
group ice 

(2) The line due to the symmetrical oscillation of the carbons in cyclo- 
hexane at 804 is shifted to a higher frequency 837 in dioxane, and the lines 
due to C-H from 2852 and 2938 to 2863 and 2968 respectively. 

(3) All the other lines belonging to C-C or CH, are shifted in the opposite 
direction. 

(4) The line at 425 which is assumed to be one of the characteristic 
lines of the cyclohexane nucleus, is resolved into three lines in dioxane. 

(5) There is a group of lines present in dioxane at about 2750 which is 
not present in cyclohexane and they may be explained partly as arising from 
the combination of 1444 and 1306. 

(6) The intense doublet due to C =H, in cyclohexane at 2922 and 2938 
appears as a single broad line at 2968 in dioxane. 

It is clear from the above that dioxane possesses a structure similar 
to that of cyclohexane and its vibrations are modified to some extent by the 
presence of the two oxygen atoms in the place of two CH, groups in the ring. 





8 Krishnamurti, P., Ind. Jour. Phys., 1932, 6, 543. 
A6 F 
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The presence of a weak line at 3064 which is characteristic of the aromatic 
linkage shows besides that it represents the transition between the aromatic 
and the aliphatic ring compounds. 

(h) Tetralin—This has been studied in great detail first by Bonino 
and Cella‘ and quite recently by Mukerji.® These authors have pointed 
out the great similarity of its spectrum to those of cyclohexane and naphtha- 
lene. The results given by them are in fair agreement with those of the 
author. As can be seen from Table III new lines have been observed at 
268, 439, 459, 800, 905, 980, 1063, 1122, 1232, 2902 and 3008. The fre- 
quency shifts of cyclohexane and of benzene® are also given for comparison, 
The new points that have been observed by the author in the spectrum of 
tetralin besides those reported by the previous investigators, are the follow- 
ing :— 

(1) The line at 1440 due to the deformation oscillation of CH, has been 
shifted slightly to a shorter wavelength and has been followed by a com- 
panion as in dioxane. 

(2) The line at 425 has been split up into three lines as in dioxane. 

(3) The continuous spectrum between 2865 and 2937 in cyclohexane 
and dioxane is present weakly also in tetralin and thus appears to be charac- 
teristic of the molecules of the cyclohexane type. 

(4) The wings accompanying the Rayleigh lines are as prominent as 
in benzene. 


(5) The important lines in the benzene spectrum at about 1600 due to 
C=C and above 3000 due to the aromatic CH appear also in tetralin. 


(6) The line at 3046 shows a prominent wing on either side. 

This similarity to the spectrum of cyclohexane on the one hand and of 
benzene on the other suggests that the molecule of tetralin is made up of 
one completed cyclohexane nucleus and one incomplete benzene nucleus. 

In conclusion the author wishes to record his thanks to Sir C. V. Raman 
for his interest in the work. 

Summary. 

The Raman spectra of dioxane and tetralin have been obtained using 
the filter technique. The spectrum of dioxane consists of twenty-four lines 
of which fourteen are reported for the first time and resembles closely that 
of cyclohexane. Tetralin has also given eleven new lines. The results 
obtained are discussed with refereuce to the structure of the molecules. 


“4 Bonino and Cella, Atti. Acad. Lincei, 1931, 13, 784; also 1932, 15, 572. 
5 Mukerji, Phil. Mag., 1935, 19, 1079. 
6 Grassman and Weiler, Zest. fur Phys., 1933, 86, 314. 
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Dioxane without filter. II. Dioxane with o-cresolthalin filter. 
Il]. Tetralin with p-nitrotoluene filter. 
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7. Introduction. 

TaE Raman spectrum of heavy water was first photographed by Prof. R. W. 
Wood! who used in his investigations two samples of heavy water, one 18% 
and the other 80%. From his experiments, Wood arrived at the conclusion 
that the molecules containing one atom of heavy hydrogen (HDO) give a 
band Av=2623 cm.-! while those containing two atoms of heavy hydrogen 
(D,0) give a band Av=2517 cm-'; ordinary water gives a band 
Av=3445 cm.-! Prof. Wood also remarked in his paper that he was unable 
to find any structure for these bands. In the case of the vapour, Wood got 
a line Av =2674 cm. for HDO and Av=2601 cm.—! for D,O. Independently 
of Wood, Rank, Larsen and Bordner* photographed the Raman spectrum of 
heavy water vapour, and they found a line Av=2718 cm! for HDO and 
Av=2666 cm.-! for D,O. Prof. Wood used in his work the resonance line 
2536 A of the mercury arc as the exciting line, while the latter authors used 
\= 4046 A as the exciting line. All the workers complain of the strong 
fluorescence of the vapour as well as of the liquid, which gave an undesirable 
background almost blotting out the Raman bands. However, Wood found 
that the fluorescence of the liquid disappeared after a few hours’ exposure 
to the light of the mercury arc. 

Judging from the close similarity in the properties of H,O and D,O, 
it appeared that the results of the above-mentioned authors are necessarily 
incomplete. The papers on the Raman spectrum of water are legion, and the 
majority of them seem to agree that the principal band of water consists of 
three components of which the central one Av=3445 cm.—! is the strongest. 
Apart from this a number of low frequency bands of lesser intensity have 
been noticed in the Ranian spectrum of H,O to which we shall have occasion 
to refer in the course of the paper. Special mention may, however, be made 
of the feeble band at 1650 cm.-! which has been observed as a line in the 
case of the vapour.® 





1R. W. Wood, Phys. Rev., 1934, 45, 392. 
2 D. H. Rank, K. D. Larsen and E. R. Bordner, Jour. Chem. Phys., 1934, 2, 464. 
3H. L. Johnson and M. K. Walker, Phys. Rev., 1932, 39, 535. 
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Theoretically, the computation of the fundamental frequencies of a non- 
linear triatomic molecule of the type AB, has been carried out recently by 
Van Vleck and Cross,‘ who give for the frequencies of vibration of the H,O 
molecule, w,=3520 cm.-!, w,=3560 cm! and w,;=1660cm-! Using the 
same molecular constants, Topley and Eyring® find for the frequencies of 
vibration of the HDO and D,O molecules the following values : 








w, Ww, Ww, 
HDO ..| 35960 em.-! | 2600 em. 1450 em." 
D,O ..| 2580 cm.-* | 2590 cm.-' | 1250 cm. 











A calculation by Bonner® gives for the fundamental frequencies of the H,0 
and D,O molecules respectively 














rae cere ee 
H,O __| 3809 em. 3807-5 em.~) 1654-5 em.” 
D,O , et em.— 2764-7 em.-!| 1209-7 em.~" 








It might be pointed out that all the three frequencies are active in the 
Raman effect as well as in the infra-red, although w, is relatively the least 
active in the Raman effect. 

2. Experimental. 


In the present work, a sample of 50 grams of 99-2g/100g D,0 
(d?°,=1-1049) supplied by the Norsk Hydro-Elektrisk Kvalstofaktieselskab 
was employed. The liquid was transferred into a thick-walled pyrex bulb 
of about 100 c.c. capacity attached to a Wood’s tube of about 2 cms. diameter 
and 15 cms. length. The observation end of the tube was closed by fusing 
on a flat pyrex window in the usual way. After evacuating the system, the 
liquid was distilled into the tube and washed back a number of times, till 
finally the Wood’s tube was filled with the dust-free liquid. The tube was 
suitably painted and illuminated by the light of a quartz mercury lamp 
concentrated on it by means of a 6-inch condenser. The scattered light was 
focussed on the slit of a Hilger two-prism spectrograph. When the alignment 
was perfect, the principal Raman bands could be seen visually with considerable 





4 J. H. Van Vleck and P. C. Cross, Jour. Chem. Phys., 1933, 1, 350, 357. 
5 B. Topley and H. Eyring, Jour. Chem. Phys., 1934, 2, 220. 
6 L. G. Bonner, Phys. Rev., 1934, 46, 458. 
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brilliancy. Fluorescence was completely absent, and the continuous 
spectrum practically non-existent. Using Ilford Golden Iso-Zenith plates 
(H & D 1400), the spectrum could be photographed in all its salient features 
with an exposure of 10 hours. J,onger exposures were tried to detect the 
presence of fainter bands, if any. 

For the sake of comparison the Raman spectrum of ordinary water 
was also photographed with the same instrument. The water was first puri- 
fied by distillation from KMnO, and Ba(OH), respectively, and afterwards 
rendered dust-free by vacuum distillation in the usual way. The Wood’s 
tube, as before, was of pyrex glass with fused-on end-window. 

In order to determine the frequency shifts of the Raman bands, an iron 
arc comparison spectrum was taken in all cases, partially overlapping with 
the Raman spectrum. 


3. Experimental Results. 


(a) Raman Spectrum of D,O.—We shall first consider the Raman spec- 
trum of D,O. Fig. 2 in the plate shows three broad and intense bands, which 
are due respectively to the excitation by the 3650 A, 4046 A and 4358 & 
lines of the mercury arc. Even a casual examination shows that each of these 
bands consists of three components, of which the component with the largest 
frequency shift is the faintest. It should, however, be remarked that the 
3650 A excitation really arises from a group of lines all of which are of compar- 
able intensity and hence there is a certain amount of confusion in the corres- 
ponding Raman band. Similarly, overlapping occurs between the Raman 
band excited by the 4046 A and 4077 A lines. In order, therefore, to gain 
a true insight into the structure of the band, we have to confine our attention 
to the band excited by the 4358 A line whose companions are relatively very 
much feebler. ‘The main features of this band are, 

(i) it extends roughly over a range of 400 wave numbers ; 

(ii) it consists of three distinct components which are fairly but not 
sharply resolved from one another ; 

(iii) the central component is the brightest ; the component with the 
lowest frequency shift comes next in order of intensity, while 
the component with the largest frequency shift is comparatively 
feeble. 

The next characteristic feature of the spectrum is the presence of a 
sharp band shifted by about 1230 cm.~! from the exciting line. This band 
is very clearly visible in the 4358 as well as in the 4046 excitations. Careful 
examination of the plate shows a faint companion towards the shorter 
wavelength side of this band in the 4358 excitation. 
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Thirdly, the spectrum shows a strong band close to the exciting line, 
sharp towards the shorter wavelength side, and shading off towards the side 
of longer wavelength. This band extends from about 130 cm. to 240 cm-! 
with the intensity maximum at about 175 cm.“ 

The following table gives the classification of the Raman spectrum of 
D,O. The results of other authors are also added for comparison :— 


TABLE I. 










Rank, Larsen 
Author Wood & 
Bordner 
























Exciting lines} 4558 Int. 4046 TInt. 2536 | 4046 





130—240 
1110 


Raman lines 1250 m. 1221 m. 


~-1 
_ 2363 | st. 2358 | st. 


2515 | v.st.| 2507 | v.st. | 2517 (liq.) 


2662 m. 2680 m. 2601 (vap.) | 2666 (vap.) 























st.=strong ; v.st.=very strong ; m.=medium; ff.=very faint. 





The above set of measurements were made on one of the best of the 
author’s plates, and are correct to +5 wavenumbers. T’or the frequency 
shifts of the components of the principal band, the 4358 A excitation values 
are probably more accurate, while for the frequency shift of the other band 
we shall adopt the mean value Av=1235 cm.-} 

(b) Raman Spectrum of H,O.—-In view of the importance of a compara- 
tive study of the Raman spectra of H,O and D,O, it may not be out of place 
to point out the salient features of the Raman spectrum of H,O. Special 
mention must be made in this connection to the recent work of Magat’, Bolla’, 
Hulubei®, Cabannes and De Riols?® and Ramakrishna Rao! on the Raman 


7 M. Magat, Jour. de Phys., 1934, 5, 346. 

8 G. Bolla, N. Cimento, 1932, 9, 290; Ibid., 1933, 10, 101. 

% Hulubei and Cauchois, C.R., 1930, 192, 1640; Ibid., 1932, 194, 1475. 

10 Cabannes and De Riols, C.R., 1934, 198, 30. 

11 I, R. Rao, Proc. Roy. Soc., 1931, 130, 489; Ibid., 1934, 145, 489; Phil. Mag., 1934, 17, 
1113. 








ne, 
ide 


of 


7, 











The Raman Spectrum of Heavy Water 295 


spectrum of H,O. While Bolla, Cabannes and De Riols and Ramakrishna 
Rao claim that the principal band of water consists of three components 
whose frequency shifts are approximately 3200, 3400 and 3600 cm}, 
Magat and Hulubei have not been able to find any trace of the third compo- 
nent with the largest frequency shift. In the Raman spectrum of water 
taken at room temperature (27° C.) [Fig. 3 in the plate], the author finds that 
the third component is very faintly present in the Raman band excited by the 
4358 A line of the mercury arc. It is true that this band happens to fall in 
a region in which the photographic plate is relatively little sensitive, but the 
time of exposure was adjusted to record it with sufficient intensity. The 
Raman band due to the 4046 A excitation also shows a triple structure. The 
third component is apparently much stronger in this case which is undoubtedly 
due to the fact that the second component of the band due to the 4077 
excitation happens to fall in almost the same position as the third component 
due to the 4046 excitation. 

Besides the principal band, a faint band Av=1650cm.-! has been 
noticed in the Raman spectrum of H,O by all the above-mentioned authors 
except Rao. It should be pointed out that the 2536 excitation employed 
by them is particularly favourable for the observation of this band, since 
the ahove band excited by the 4046 A line chances to fall in the 4358 region 
and the same due to the 4358 excitation would merge with the principal water 
band excited by the 4046 4 line. Magat, using a filter which transmits 
only the 4358 group has, however, been able to record this band. In the 
photograph reproduced in the plate, this band is faintly visible to the shorter 
wavelength side of the 4358 group. 

Magat has reported a band of medium intensity with Av=5100cm."! 
However, no trace of this band could be detected in any of the author’s 
plates. 

Two other feeble bands with Av=500 cm.-! and Av=750 cm—! have 
been reported by Magat, Bolla and Cabannes and De Riols. These 
bands are recorded on the author’s plates as a broad structure extending 
over a region of about 500 wavenumbers. 

In addition to these, Bolla and Magat have found a strong band with 
a frequency shift of about 170 cm.-! In fact the presence of such a strong 
low frequency band in the case of water was first noticed by Segre.42 The 
existence of a similar band in the Raman spectrum of D,O has been already 
remarked. This band is also intensely recorded on the author’s plates in 
the case of H,O. In fact, the 4046 excitation shows a faint but well-defined 
antistokes for this band. 





12 E. Segre, Accd. Lincei, Aiti., 1931, 13, 929. 
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The following table gives the frequency shifts of the Raman bands of 
H,O. The results of other authors are included for the sake of comparison : 
TABLE IT. 
















Cabannes 
Author Magat Bolla & I. R. Rao 
De Riols 













Exciting line 4046 4358 4358 2536 2536 2536 













60(f.) 


134-236 (st.)| 134-243(st.) | 152-225(m.) 172(st.) 























464(f.) 





600( ff.) 510(st.) 


754(f.) 740 780(f.) 700 
1665( f.) os 1659(f.) 1659 | 1645(f) 1643 
2135 2150( ff.) 
Raman lines | 3231 (st. ) 3214(st.) 3221 (st.) 3200 | 3200(st.) 3224 3216(st.) 


cm." 
3436(v.st.) | 3428(v.st.) | 3435(v.st.) 3400 | 3435(st.) 3436 3435(v.st.) 


3605(m.) 3600(f.) ee ee 3630(m.) 3625 3528(f. ) 
3990(m. ) 
5090(m.) 5100 





























st.=strong; v.st.=very strong; m.=medium; f.=feeble; ff.=very feeble. 
4. Discussion of Results. 


(a) Modes of vibration of a non-linear triatomic molecule of the type AB,*. 
—We know that a molecule of this type possesses three fundamental modes 
of vibration which can be diagrammatically represented as follows : 


: gl eg 
stags F .\ 


FIG. 1 (a). Normal vibration of H.O molecule. 


D o, DD Wp DD ®s D 


FIG. 1 (4). Normal vibrations of D.O molecule. 








* For discussion under this head the author is highly indebted to Mr. N. S. Nagendra Nath, 
to whom he wishes to acknowledge his thanks. 
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We may expect w. and w, to be more active in the Raman effect and a, 
and w, to be more active in the infra-red. In fact, the Raman spectrum 
of water vapour shows only two frequencies 3655 cm.-! and 1650 cm.-! which 
may be identified with w, and w, respectively. In the corresponding case of 
D,O only one frequency Av=2666 cm.—! has been so far reported, but the 
author is quite certain that a careful examination of the Raman spectrum 
of D,O vapour will reveal a line at about 1235 cm.-} 

The infra-red spectrum of heavy water vapour has been studied recently 
by Bartholome and Clausius’ who find the following frequencies : 








Wy, | We W3 
| 
H.O sal 3756 a 1595 
HDO i: 3720 2810 1380 
D.O ie 2775 a 1185 











w, is observed in the infra-red in the case of HDO, while it fails to appear 
in the case of the other two symmetrical molecules. The corresponding 
Raman data are summarised in the table below: 











| W We Ws 
HO | 3655 1650 
| 
HDO - os 2718 ? 
| 2674 
D,O os | ee 2666 (1235) 
| 2601 
| 








It is very strange that the value of w, as revealed in Raman spectrum is 
higher than the observed infra-red value both in the case of H,O and D,O. 

Adopting the general potential energy function with 4 constants, if we 
represent the fundamental frequencies of the H,O molecule by ,, w. and Ws, 
and those of the D,O molecule by a,*, w,* and w,* respectively, it can be 
shown that!4 





13 E. Bartholome and K. Clausius, Naturwiss., 1934, 22, 420; Zeit. fur. Elek. Chem., 1934, 
40, 530. 
14 See Jenny E. Rosenthal, Phys. Rev., 1934, 45, 426. 
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w, ra H ner | a) 
w,* ~ LH O+2D sin’a 
F 4 
: We, Ws vi yy O+2 H}? i 
ana w,*w,* - E 0+2D is as * 


where O, H, D stand respectively for the masses of the oxygen, hydrogen 
and deuterium atoms, and 2a is the valence angle subtended at the oxygen 
atom. 

In deriving (1) and (2) it is assumed that the valency angle as well as 
the force constants remain unaltered when one passes from H,O to D,O. 
Bartholome and Clausius have calculated from equation (1) the vibration 
frequency of the D,O molecule assuming the frequency and the valence angle 
for H,O, and have found good agreement between the observed and the 
calculated values. Equation (2), however, affords an independent check on 
these assumptions purely from Raman data. If we substitute the observed 
Raman frequencies in the left-hand side of equation (2) we get 

ww, — 3655 x 1650 

wa*ws* 2666 x 1235 
The right-hand side of the equation works out as 1-89. The agreement 
is not unsatisfactory and shows that the force constants and valency angles 
are nearly but perhaps not quite identical in the two cases. 

(b) Structure of the Principal Raman band.—The structure of the principal 
Raman band of water does not appear to have been satisfactorily accounted 
for, although numerous papers have been written over it. The fact that 
the Raman band of D,O also shows an exactly identical structure is not 
surprising in view of the close physical and chemical similarity of these two 
substances. One important fact that deserves attention is that the frequency 
of the third component is very nearly identical with the frequency observed 
in the vapour state, being respectively 3600 and 3655 cm.-! in the case 
of H,O and 2662 and 2666 cm.-! respectively in the case of D,O. Ir the 
case of water, Ramakrishna Rao! has put forward the theory that there 
exist three different types of molecules, H,O, (H,O), and (H,O);. Rao 
attributes the component of highest frequency observed in the Raman 
spectrum of water to the H,O molecules, while the components of lower 
frequency are attributed respectively to the (H,O), and (H,O), molecules. 
Rao gives the following arguments in favour of his theory : 

(i) the frequency of the third component of the Raman band is not 
very different from the frequency observed in the vapour state; 
(ii) as the temperature of water is raised the third component goes 
on gaining in intensity, while the first one goes on diminishing 


= 1-83 





15 J, R. Rao, loc. cit. 
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in intensity ; this is in all probability due to the breaking up 
of the higher polymers, evidence of whose existence in water 
is available from entirely different sources ; 

(iii) the Raman spectrum of ice shows only the first two components, 
which are sharper than in the case of water and are shifted 
slightly towards the exciting line. This is because all the water 
molecules exist as double and triple molecules in the case of ice ; 

(iv) the Raman spectrum of crystals containing water of crystallisation 
shows only the first or the first two components, but in no case 
the third. 

Although the reasoning appears quite plausible, Sutherland!® has 
pointed out that the assumption of the existence of triple molecules in water 
and ice is contrary to experimental evidence. He finds that the character 
of the Raman spectrum of ice taken at liquid air temperature is strikingly 
different from that taken at 0°C. The component of lowest frequency is 
much sharper and stronger at the lower temperature, which is explicable 
on Rao’s theory only if we make the improbable assumption that even 
in the crystalline state a gradual polymerisation into (H,O), molecules takes 
place. X-ray observations!’ do not however show any change in the crystal 
structure of ice between 0°C. and --183°C. Sutherland attributes the 
component of frequency 3200 cm.’ to (H,O), molecules, and postulates 
that the other two frequencies arise because of a doubling of the H.O 
frequency from a condition of resonance degeneracy such as has been observed 
in the case of CO,. “This is suggested by the fact that one of the other 
fundamental frequencies of water is known from infra-red and Raman spectra 
to lie near 1650 cm.~' so that its first overtone may fall close enough to the 
fundamental for these two levels to interact. As the temperature is lowered 
the position of the fundamental shifts considerably, as well as being more 
sharply defined, so that the interaction between the two levels may become 
negligible and only one frequency will be observed.” 

The explanation of Sutherland, however, appears rather far-fetched. 
The analogy with CO, appears difficult to understand. It need only be 
pointed out that whereas the frequencies 1285 and 1388 cm.’ of the compo- 
nents into which the fundamental frequency is split up in the case of CO, 
lie one on either side of the octave of the other fundamental frequency 
668 cm.—!, the author is unable to find any such relation in the case of either 
H,O or D,O. The investigation of the band structure of HDO would be of 
great interest in this connection. 





16 G. B. B. M. Sutherland, Proc. Roy. Soc., 1933, 141, 542. 
17 See Barnes, Proc. Roy. Soc., 1929, 125, 670. 
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Recently Bernal and Fowler!® have proposed a model of the water mole- 
cule from considerations of spectral and X-ray data, which has proved to 
be of great help in explaining either quantitatively or qualitatively several 
properties of water and ionic solutions. According to this model an H,O 
molecule of radius 1-4 A is surrounded by four others in a more or less 
regular tetrahedron. ‘This is the arrangement found in ice and necessarily 
follows from the quasi-tetrahedral angle of the H,O molecule.’’ As regards 
the arrangement of the molecules of H,O in water, Bernal and Fowler postu- 
late three chief forms of arrangement :—-‘‘Water I, tridymite-ice-like, rather 
rare, present to a certain degree at low temperatures below 4°C.; 
water II, quartz-like predominating at ordinary temperatures ; water III, 
close-packed ideal liquid, ammonia-like predominating at high temperatures 
for some distance below the critical point at 374° C. These forms pass continu- 
ously into each other with change of temperature..... The sequence water 
I-IJ-III is one of increasing rotatory and translatory molecular movement 
and of the consequent diminution of the dipole forces of cohesion of the 
liquid and relative increase of the Van der Waals component..... It is 
tempting to identify the 3200, 3400, 3600 (Raman) bands as corresponding 
respectively to the water structures I, II and III, but such a correspondence 
cannot be maintained until the nature of the transitions corresponding to 
these bands has been worked out.”’ 

We may here point out one significant fact of experimental observation, 
that while the frequency difference of the components of the band is about 
200 cm.-! in the case of H,O, this difference is only about 150 cm.-! in the case 
of D,O. 

(c) Band Av=500 cm-1—This diffuse band has been attributed by 
Magat to the frequency of hindered rotation or oscillation of the water mole- 
cules. However, this assignment would appear to be purely conjectural, 
and the origin of this band as well as of the band Av=750 cm. remains 
rather obscure. It is surprising that while Magat!® has found that these 
bands disappear at about 40°C., Bolla?® has quite recently reported that 
these bands persist in the Raman spectrum of water at all temperatures 
from 28° to 92°C. 

(d) Band Av=175 cm.'\—Segre who was the first to observe this strong 
band in the case of H,O suggested that it might be due to the oscillation 
in the polymers of H,O. He found that raising the temperature, which 
tends to reduce the number of associated molecules, decreased the intensity 





18 Bernal and Fowler, Jour. Chem. Phys., 1933, 1, 515. 
19 M. Magat, Jour. de Phys., 1934, 5, 347. 
20 G. Bolla, N. Cimento, 1935, 12, 243. 
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of this band. Magat has made an attempt to calculate the frequency of such 
an oscillation on the approximate assumption that it is analogous to the 
intramolecular vibration of a diatomic molecule, and employing the empirical 
formula of Morse®! connecting the frequency w, and the internuclear 
distance 75 
Woo? =3000 A3/cm. 

Putting 7, =2-72 A (diameter of the H,O molecule), we get w)=150 cm-} 
In view of the highly empirical nature of the procedure, the agreement seems 
satistactory. 

Alternatively, Magat has calculated the frequency of such an inter- 
molecular vibration as 200 cm.-? by employing the model proposed by Bernal 
and Fowler, which value again falls in the observed range. However, as 
Magat himself has remarked, such a vibration cannot appear’in the infra-red, 
since the total electric moment of a group of five molecules would on the 
average be zero. 

The existence of a strong infra-red absorption for water at about 160cm."! 
has been found recently by Cartwright.*? In a later note in Nature,** Cart- 
wright has reported that D,O also shows a strong infra-red absorption in 
practically the same region. These results fit in very well with the author’s 
observation that the corresponding Raman band in the case of H,O and D,O 
are practically in the same position. Cartwright originally attributed the 
infra-red band in the case of H,O toa hindered rotation of the water molecules. 
Support for the view that the molecules in a liquid exist in a quasi-crystal- 
line state is forthcoming from divers sources. Recently Debye** has adduced 
strong evidence to show that the rotation of the dipole through 90°C. in the 
case of H,O would produce a potential energy of about i0 kT. If we adopt 
this value and calculate the frequency of hindered rotation about the axis 
perpendicular to the plane of the molecule (assuming the oscillation to be 
approximately harmonic), we get a value of 200 cm.-! 


However, such a simple calculation leaves unexplained the observed 
fact that the frequency of the band is practically the same in the case of 
H,0 and D,O. If the origin of the band is to be sought for in the rotation 
of the individual dipoles, it follows that the frequency of the band ought to 
be affected by a factor 2 when we pass from H,O to D,O. Cartwright 
has therefore modified his original statement, and has attributed the infra-red 





21 P. M. Morse, Phys. Rev., 1929, 34, 57. 
22 C. H. Cartwright, Nature, 1935, 135, 872. 
23 C. H. Cartwright, Nature, 1935, 136, 181. 
24 P. Debye, Phys. Zeit., 1935, 36, 100, 193. 
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absorption band at 160 cm! to the hindered translation of the liquid 
molecules, in which case the change in frequency from H,O to D,O would be 
small, in conformity with the experimental result. We may point out that the 
difficulty of attributing the band to hindered rotation of the molecules might 
be overcome, if it be assumed that the rotating entities are not the 
individual molecules, but the polymers of H,O and D,O respectively. The 
knowledge of the state of polarisation of the band would most probably 
throw light on its origin ; measurements are now on hand for this purpose. 

In conclusion, the author wishes to record his respectful thanks to 
Professor Sir C. V. Raman for his kind interest and helpful guidance in the 
course of the present investigation. 

5. Summary. 

The Raman spectrum of heavy water (D,O) photographed with a Hilger 
two-prism spectrograph shows a strong band with three imperfectly resolved 
components whose frequency shifts are 2363, 2515 and 2662cm.—! Besides, 
a sharp band with a frequency shift of 1235 cm.-! with a feeble companion 
at about 1110 cm.-! has been recorded, and a strong low frequency band 
Av=175cm.-! The triple structure of the principal band as well as the 
existence of the other two bands has been noticed for the first time. A 
comparative study of the Raman spectra of H,O and D,O has been made 


and many points of similarity noticed. Purely from Raman data, it is shown 
that the valency angles and force constants do not alter much as one passes 
from H,O to D,O. It is pointed out that the triple structure of the principal 
band is probably due to the fact heavy water is also polymerised similar 
to H,O. The low frequency band appears to be intimately connected with 
the nature of the liquid state. 
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Fie. 3. Raman Spectrum of H.O. 
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7. Introduction. 


In two earlier papers (Bhagavantam, 1932), the author studied the Raman 
spectrum of ordinary hydrogen in all its aspects in great detail using a 
specially constructed high pressure gas tube as the container for the gas. 
It is felt that these investigations should be extended to the case of heavy 
hydrogen as of all the other molecules that are amenable to such studies, 
it comes next in simplicity. The necessity of making a complete experi- 
mental survey of the Raman spectrum in such a case so as to include all 
the important features such as the intensity relationships, polarisation 
characters and fine structure of the lines, need not be overstressed here. It 
may, however, be pointed out that ordinary and heavy hydrogen constitute 
the only two cases which may be expected to furnish unique experimental 
evidence on a variety of points in favour or otherwise of the existing theories 
of the Raman effect. This, of course, is intimately connected with the 
very low moments of inertia and the simplicity of structure of these molecules. 
The present paper is the first of a series dealing with the Raman spectrum 
of deuterium which the author proposes to publish and contains the preli- 
minary results obtained in this direction. 


2. Experimental. 


Preparation of Deuterium.—The following procedure is adopted for 
preparing deuterium under high pressure. About 5 grammes of heavy water 
supplied as 99-5% pure by the Ohio Chemical and Manufacturing Company 
is further purified by slow distillation in an evacuated and sealed double 
bulb of pyrex glass. The water thus purified is transferred to a thin wall 
glass capsule. The glass capsule is sealed off and carefully inserted into 
a specially prepared steel bomb. About 6 grammes of sodium and a small 
steel hammer are introduced into the bomb which is then closed. Through 
a pin valve connected to the bomb all the enclosed air is removed thoroughly 
by means of an efficient oil pump, till a manometer connected in the circuit 
showed that any air that may have been left inside the bomb is only at a 
pressure of a fraction of a millimeter. ‘The pin valve is then closed and the 
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steel hammer dropped, by suitably tilting the bomb, on to the water bulb. 
The bulb breaks and the water at once reacts with the sodium thus generat- 
ing deuterium inside the bomb at a high pressure. The volume chosen for 
the bomb is such that the above quantities of heavy water and sodium 
have generated a pressure of about 100 atmospheres. The reaction is 
almost instantaneous and is accompanied by the evolution of a large quantity 
of heat. The total volume of the deuterium generated is about 3 litres at 
atmospheric pressure. 


The gas is then allowed to cool and is transferred into the experimental 
tube designed for a study of the Raman effect in gases at high pressures and 
described by the author in the earlier papers already referred to. The con- 
necting tubes used in transferring the gas and the experimental tube are 
thoroughly evacuated beforehand through pin valves. In this way the 
experimental tube is filled with fairly pure (nearly 100%) deuterium at a 
pressure of about 17 atmospheres. 


Exposure.—lLjight from a six-inch quartz mercury arc is condensed by 
means of a large glass condenser on to the gas tube. The scattered light is 
focussed with a short focus lens on the slit of a Hilger 2 prism glass spectro- 
graph of high light gathering power. Using a slit width of 0-05 mm. a 
continuous exposure of about 72 hours is found necessary to record the Raman 
spectrum with reasonable intensity. Golden Isozenith plates have been used 
for photographing the spectra. 


3. Results. 


Table I gives the various lines recorded and measured in the Raman 
spectrum of deuterium in the present investigation. The plate shows other 
feeble lines which are not included in the table and these will be measured 
and interpreted in subsequent communications after obtaining more intense 
photographs. Figs. (a) and (6) in the Plates are respectively the Raman 
spectrum of deuterium and a microphotometric record of the same. The 
transitions are given for some of the rotation lines that are easily seen 
in the reproductions. V.R. indicates the vibration Raman line excited 
by A 4046. The microphotometric record is confined only to the rotation 
lines in the neighbourhood of A 4358 and is intended to exhibit the 
approximate relative intensities of these lines. The most remarkable feature 
s the alternation of intensities, lines representing transitions between even 
rotational quantum numbers being stronger than those that represent transi- 
tions between odd rotational quantum numbers. The nearly equal intensity 
of the 0—»2 and the 2—>4 lines may also be noted and is of special 
significance. 
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TABLE I. 
Raman Spectrum of Deuterium. 





























Rel | Quantum transition 
Wave-length er > *| Exciting line ee 
| is 

0-0) 

4604-27 2 4046 2992-7 1—> 1 0-1 
ete. | 
4484-13 1 4358 643-5 4>6 
4461-58 1 a 530-8 35 
4438-69 5 > 415 +2 2—>4 
4415-58 3 a: eee 1-3 
1392-74 5 ie 179-5 0-2 
4324-77 0 = —178+1 2>0 
4302-54 0 » —297-5 3>1 
4115+67 4 4046 414-9 2—->4 
4096 -02 3 - 298-4 1>3 
4018-01 0 | ‘ —175-4 2>0 

















4. Discussion of Results and their Comparison with Theory. 


(a) Frequency Shifts and the Molecular Constants —The Raman spectrum 
of deuterium at a pressure of 2-5 atmospheres has been investigated by 
Anderson and Yost (1935) recently using A 2537 of mercury as the exciting 
radiation. These authors have reported two rotation lines having frequency 
shifts of 179-6 and 298-3 and a vibration line having a frequency shift 
of 2989-5. These figures are in satisfactory agreement with those obtained 
by the author. In the present investigation use is made of A 4358 as the 
exciting radiation and it has been possible to record several other rotation 
lines and some antistokes lines as the gas is obtained at a much greater 
pressure. Hitherto there existed no direct experimental evidence for the 
molecular constants of deuterium. ‘These have been derived by Urey and 
Teal (1935) only indirectly by making use of the data available for the H, and 


HD molecules with the help of the usual relations between the constants of 
A7 F 
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isotopic molecules. Anderson and Yost have shown that these constants 
satisfactorily predict the positions of the two rotation lines observed by 
them in the Raman spectrum of deuterium. This agreement may be 
regarded as the first direct experimental evidence for the molecular constants 
of deuterium but cannot be considered complete as the anharmonic constants 
and the small correction terms do not make themselves felt appreciably until 
we reach large rotation quantum numbers. The fact that in the present 
investigation, five lines have been recorded and measured, enables us to make 
the comparison much more complete and the results provide a most satisfac- 
tory confirmation of the constants derived by Urey and Teal. The rota- 
tional energy of a diatomic molecule in a specified electronic state and 
zero vibrational state is given by the foilowing equation 

J =[B.- +t S|ao+n+[D+§ eg + + Rss ty a) 

re = * 
In this equation J is the rotational quantum number and B, is the moment 
of inertia of the molecule in a state of vibration of infinitesimal amplitude 
and is related to B, the moment of inertia of the molecule in the zero vibra- 
tional state by the equation 


B,=B,— 3°+4 ete... ie % “3 ‘ .. 2 


The other constants are all small and enter only as correction terms. Assum- 
ing, in accordance with Urey and Teal, that B,=30-459; a,=1-0858; 
y=0-01713; 8=0-00115; —D,=0-01121; B=2-39x10-4, the rotational 
energies pertaining to the various J values are calculated from (1) and the 
frequency shifts of the Raman lines 0 2, 1-3, etc. are deduced. These 
are given in Table II along with the frequency shifts observed in the present 
investigation for comparison. Since the antistokes rotation lines and those 
excited by A 4046 are somewhat weak, in giving the figures in Table II, only 
the lines excited by A 4358 are taken into consideration. 


‘Tepre: EF. 


Comparison with Theory. 





Transition J:0—2 1—>3 | 2-4 3—>5 4—>6 
| 





| 
Observed frequency | 179-5 297-4 | 415-2 530°8 643-5 








Calculated frequency | 179-1 | 297-7 414-9 530-3 | 648°5 
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The excellent agreement between the two sets of values up to the fifth 
rotation line must be regarded as a satisfactory confirmation of both the 
main molecular constants and the correction terms as well. 

(b) Relative Intensities of the Rotation Lines, Spins and Statistics of the 
Nuclei—From observations on the alternation of intensities in the a 
bands of deuterium, I,ewis and Ashley (1933) have concluded that the nucleus 
of deuterium obeys the Ejinstein-Bose statistics, and that the spin cannot be 
zero. Murphy and Johnston (1934) working on the Fulcher spectrum of D, 
have concluded that the statistical weight of the symmetric states is twice 
that of the antisymmetric states. This would mean that the spin of the 
deuterium nucleus is 1. These results indicate that in the Raman spectrum 
of deuterium, unlike the case of ordinary hydrogen whose nuclei obey the 
Fermi-Dirac statistics, the lines representing transitions between even rota- 
tional quantum numbers should be stronger than those that correspond to 
transitions between odd rotational quantum numbers. This is most satis- 
factorily confirmed in the present investigation as may be seen from Figs. 
(a) and (6) in the Plates. The formule originally developed by Mannehack 
(1930) and subsequently also given by Placzek (1934) for the relative intensi- 
ties of the rotational Raman lines in the case of a diatomic molecule are 
made use of in calculating the intensities given in Table III. It is assumed 
that molecules with even rotational quantum numbers have a statistical 
weight twice as large as that possessed by those having odd rotational 
quantum numbers. The calculations are for a temperature of 30°C. and 


assume that B, =29-916. 
TABLE III. 


Calculated Relative Intensities of the Rotation Lines. 














P P Series: J—>J—2. R R Series: JJ +2 
Transition | Intensity Transition Intensity 
20 0-571 0-2 1-333 
31 0+ 220 133 0-904 
4—>2 0-202 2—>4 1-467 
3—5 0:407 
4—>6 0+ 322 
0-020 























308 S. Bhagavantam 


The figures are only relative and have no absolute significance. It is easily 
seen from the pictures that the relative intensities experimentally obtained 
are in qualitative agreement with the above figures. The fact that the lines 
0 —»2 and 2—+4 are to be expected to be of nearly the same intensity, both 
being more intense than 1—>3 is beautifully confirmed in the microphoto- 
metric record of Fig. (b) in the Plates. The intensity distribution amongst 
the various lines is a very exceptional one and has not been observed in any 
of the Raman spectra so far studied. 


(c) The Vibration Line and Its Fine Structure.—The vibration line  : 01 
should consist of several fine structure components arising from different 
molecules belonging to different rotational states. The spacing of these 
may be calculated using the constants given by Urey and Teal. In the 
present investigation, however, the resolution employed and the exposure 
given are sufficient only to bring out the strongest of these components and 
a detailed calculation of the positions and the relative intensities of these 
components is therefore postponed to a later communication. The strongest 
line should have a frequency shift of 2991-2* and the observed value of 
2992-7 is in good agreement with this figure. Anderson and Yost have 
given 2989-5 for the frequency shift of this line. 


5. Summary and Conclusion. 


The paper describes the results of a study of the Raman spectrum of 
deuterium at a pressure of about 17 atmospheres using A 4358 of mercury 
as the incident radiation. 

Rotation lines having frequency shifts +179-5, 4297-4, 415-2, 530-8 
and 643-5 and a vibration line with a shift of 2992-7 have been observed. 
These shifts are in excellent agreement with and provide for the first time 
a direct experimental confirmation of the molecular constants given by Urey 
and Teal for the D, molecule. 


The relative intensities of the rotation lines are in agreement with the 
fact that the deuterium nucleus has a spin of one unit and obeys the Bose- 
Einstein statistics. States characterised by even rotational quantum 
numbers are given a statistical weight twice as large as that of those having 
odd rotational quantum numbers. 


The intensity distribution is in qualitative agreement with that predicted 


by the theory developed by Manneback for the rotational Raman scattering 
in diatomic molecules. 





* See T. F. Anderson and D. M. Yost, loc. cit. 
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(a’) Raman Spectrum of Hydrogen on the same scale for comparison. 
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A more detailed and quantitative investigation of the intensity, fine 
structure and polarisation characters is in progress and will form the subject- 
matter of a further communication. 

In conclusion, the author desires to express his grateful thanks to Sir 
¢. V. Raman for his kind encouragement and a loan of the heavy water used 
in the present investigation. 
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In an earlier paper in this Journal* the author had described the results of 
a study of the Raman spectrum of deuterium. Subsequent to this, a 
particularly intense picture of the scattered spectrum is obtained using the 
same sample of the gas as in the previous investigation with a view to 
complete the work in all its aspects. This photograph, besides showing the 
Raman lines of D, very intensely, is found to exhibit another feeble series 
of lines excited by A 4358. Measurement revealed that these have their 
origin in the HD molecules. The extreme feebleness of the lines in compar- 
ison with the D, lines indicates that the HD molecules are present in a 
very small proportion in the sample under investigation. A search is made 
for the well-known Raman lines of the H, molecule but none has been 
found. It may, therefore, be concluded that the sample contains no 
appreciable proportion of H, molecules. In the present paper the results 
of the measurements relating to the HD series of Raman lines are given. 


2. Results. 
TABLE I. 
Raman Spectrum of Hydrogen Deuteride. 


Introduction. 
































wae Saree Approx. rel. Frequency | Frequency Transition 
Wave-length | Exciting line intensity observed | calculated J—>)’ 
1479-0 4358 0 618 614-8 2—4 
1443-9 99 4 442 442-1 1—>3 
1409-6 99 0 267 266-5 0 —>2 
4308+7 7 0 —264 = 2—>0 




















The lines having frequency shift of 442 is the strongest of the series and the 
corresponding line excited by A 4046 is also seen and measured on the plate. 


* See page 303 of this number. 
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3. Discussion of Results. 

Jeppesen’ (1934) and Beutler and Mie* (1934) have analysed the bands 
due to the HD molecule in the ultra-violet. Urey and Teal® (1935) have 
recently given the following constants for the normal state of this molecule 
in order to account for the experimental data of the above authors. 

B,=45- 6549; a=1-9928; y=0-03850; 5=0-00317; —D,=0-02602 ; 
B=6-58x 10; F,=2-19x 10-5. 
These constants are used in calculating the frequencies of the various 
rotation Raman lines 0-—>2, 1—+3 and 2-+4 as in the foregoing paper and 
the results are given in Table I for comparison. The agreement between 
the observed and calculated frequency shifts is very satisfactory in view 
of the extreme feebleness of the lines. 


Another outstanding feature of the spectrum is the absence of the 
phenomenon of alternating intensities. The intensity rises to a maximum 
at the second rotation line corresponding to 1—3f and then falls off. This 
is in accordance with what may be expected as the molecule is composed of 
unlike nuclei. The relative intensities of the rotation lines that are to be 
expected on the basis of Manneback’s expressions (Manneback,‘ 1930) are 
calculated and given in Table II. Same statistical weight is assigned to 


TABLE II. 
Calculated Relative Intensities of the Rotation Lines. 


| 

















PP Series RR Series 
jJ->>J-2 | J—J+2 
Transition | Intensity | Tisialihde: | lable. 
2—>0 0-188 | 0-2 0-666 
3—>1 0-095 1—>3 0-786 
2-4 0-483 
3—>5 0-176 
4—>6 0-040 











1 C. R. Jeppesen, Phys. Rev., 1934, 45, 480. 
2 H. Beutler and K. Mie, Naturwiss., 1934, 22, 418, and subsequent papers. 
3-H. C. Urey and G. K. Teal, Rev. Mod. Phys., 1935, 7, 34. 
+ It may be noted that in D,, this line is weaker than the first rotation line 0 2. 
* C. Manneback, Z. f. Phys., 1930, 62, 224; and 65, 574, 
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both even and odd rotational states. The calculations are for a temperature 
of 30°C. and the value of By is taken as 44-67. 

The fact that the intensity reaches a maximum at the second line and 
then falls off is nicely confirmed. A more detailed comparison is not at 
present possible owing to the feebleness of the lines. The stokes lines 
represented by 3—>5 and 4->6 and the antistokes line 3—>1 have not 
been recorded. 

In conclusion the author desires to express his grateful thanks to 
Sir C. V. Raman for his kind interest in the work. 


4. Summary. 

Using (4358 as the exciting radiation, frequency shifts of 267, 442 and 
618 arising respectively from the rotational transitions 0—>2, 1-3 and 
2—» 4 have been recorded in the Raman spectrum of hydrogen deuteride gas. 
The figures compare well with 266-5, 442-1 and 614-8 which are calculated 
on the basis of the molecular constants given by Urey and Teal for the HD 
molecule. The antistokes line arising from the transition 2—>+0 is also 
recorded. The phenomenon of alternating intensities is not observed and 
the line corresponding to 1—>3 is the most intense one in the series as may 
be expected. 
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Selenium (At. no. 34; At. wt. 79-2), 

For purposes of classification of selenium spectra, the arc and spark lines 
of selenium have been mostly excited in tubes of various types with con- 
densed or uncondensed electrical discharge through selenium vapour or between 
aluminium poles tipped with metallic selenium. A selenium arc either in 
vacuum or in an atmosphere of nitrogen has also been employed. Such 
sources however are not suited for hyperfine structure work, as the lines 
obtained are broad and diffuse. Moreover most of the prominent arc lines 
of selenium lie either in the near infra-red or in the extreme ultra-violet, 
thus rendering their analysis by high resolving power apparatus specially 
difficult. Some intense spark lines of selenium lie in the visible region - 
but under the conditions employed for their emission in discharge tubes, 
the broadening of the lines renders such sources unsuitable for hyperfine 
structure study. The apparatus used, the essential part of which is a water- 
cooled hollow cathode, is the same as that employed by Prof. Venkatesachar 
and the author in their investigation on the isotopic constitution of platinum.? 
The selenium powder took the place of the platinum foil in the tubular space 
of the cathode (Pl. XV, Fig. 1). For experimental details the above paper 
must be consulted. 

Of the seventeen lines of selenium here examined, only two are arc lines 
and the remaining fifteen belong to the first spark spectrum of selenium. 

Se I LINEs. 








Am A.U. | Classification 
4739 -03 5s(48) 5S,—6p(4S) 5P, 
4730-79 58(48) 5S,—6p(*S) 5P, 








* An oral communication of the main results contained in this paper was made at the 
Meeting of the Academy on 19th June 1935. 
1 Venkatesachar and Sibaiya, Proc. Ind. Acad. Sci., 1935, 1, 955. 
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The spectral classification of the arc lines is taken from Meissner, Bartelt 
and Eckstein.? 


The spark lines here analysed are listed below ; they have been classified 
differently by Bartelt* and Krishnamurthy and Raot: 


Se II urnes (Ain A.U.). 





5305 -41 5143 -15 4840 -61 
5253 -69 5068 -67 4763 -66 
5253 -13 4992 -88 4648 -40 
5227 -53 4975 -76 4618 -75 
5175 -97 4844 -98 4602 -32 











All the above SeI and Se II lines are sharp and single (Pl. XV, Fig. 2). 
Selenium, according to Aston, has the following isotopic constitution: 

Mass number or eee 74 76 tT 78 80 82 

Percentage abundance . O89 9-5 .8-3 24-0 48-0 9-3 


The even isotopes of selenium amount to 91-7% ; the single odd isotope 
Se 77 is present only to the extent of 8-3%. It is therefore difficult to ob- 
serve the components arising from a splitting of the gross multiplet levels 
due to a nuclear spin in Se 77. In each of the lines examined the observed 
component is to be ascribed to the even isotopes whose total abundance is 
91-7%. Even isotope displacement, if any, could have been detected be- 
cause Se 80 (48%) is twice as abundant as Se 78 (24%), the other two Se 76 
and Se 82 being nearly equally abundant (9-4%). The absence of structure 
revealed by the lines indicates that none of the levels here observed shows 
any even isotope displacement and that all the even isotopes of selenium 
have nuclear spins equal to 0. From an examination of two lines in the 
arc spectrum of selenium Rafalowski® has come to the same conclusion. 
Though the absence of structure leads to the conclusion that the nuclear 
magnetic moment of Se 77 is small, there is however a faint component 
(~ +0-093 cm.-!?) that accompanies 5227-53 A, a fact which can be most 


to the odd isotope 77. 


simply explained by ascribing a nuclear spin of } 5- 


2 Meissner, etc., Zcits. f. Physik, 1934, 91, 432. 

% Bartelt, Zeits. f. Physik, 1934, 91, 450. 

4 Krishnamurthy and Rao, Proc. Roy. Soc., 1935, 149, 56. 
5 Rafalowski, Acta Physica Polonica, 1933, 2, 119. 
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Palladium (At. no. 46; At. wt. 106-7). 
Since the isotopic constitution of palladium by the mass-spectrograph 
method has not been tound,t the hyperfine structure of the palladium lines 


is here studied with the object of determining, if possible, the isotopes of 
palladium. A thin palladium foil} is introduced into the hollow cathode, 
which is excited by a D.C. 1 kilowatt generator with a discharge current 
of 200 mA at 1700 v. The following arc lines were analysed; the classi- 
fication of the lines is taken from Shenstone’: 


Pd I LINES. 














AinA.U. | Classification 
3242 -72 5s §D3-—5p %D° 
3251 -66 5s °D,—5p Pe 
3302 +15 5s §D,—-5p *D¢ 
3404 -60 5s 3D,—5p °F° | 
3421 -24 5s 3D,— 5p *DE 
3433 -44 5s 1D,—5p 1P° 

! 
3441 -40 581D,—5p'D? + Vide Pl. XVI, Fig. 3. 
3460 +76 5s 3Ds—5p 3Fe 
3481 -17 5s §3D,—5p 3F3 
3489 -79 5s 1D.—5p *D¢ 
3516 -95 58 3D.—5p *P? 
3553 -10 58s 1D,—5p 1F3 
3609 -56 5s 3D,—dp °FS 
3634 -70 5s §3Ds—5p °P? 








+ After this paper was read before the Academy, Dempster (Nature, 1935, 136, 65) 
reports that his mass-spectrograph has revealed six isotopes for palladium with masses 102, 
104, 105, 106, 108 and 110; the four middle isotopes are about equally abundant, while the 
less abundant Pd110 is more abundant than Pd 102. 

t Kindly lent by Sir C. V. Raman, Kt., F.R.s., Nu. 

6 Shenstone, Phys. Rev., 1930, 36, 669. 
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None of the lines above shows any isotope displacement of the even isotopes, 
It has therefore not been possible to determine the even isotopes of palladium 
or their relative abundance. A study of the known isotopes of elements 
in the neighbourhood of palladium shows that an odd isotope of mass number 
105 should be expected to exist in palladium. Though most of the lines 
here examined are single, the existence of a close component (~ +0-100 cm-}) 
in a few lines renders it probable that the isotope Pd 105 with an abundance 


of the order of 15% has a nuclear spin 1. The general absence of structure 
however indicates that the nuclear magnetic moment of Pd 105 is small, 
These observations in selenium and palladium support the conclusion that 
all nuclei with even atomic number and odd mass number have only small 


positive or negative magnetic moments.’ 
Gold (At. no. 79; At. wt. 197-2). 

Frisch® has concluded that the resonance line of gold A 2676 A (6?S,;— 
6?P;) is single; Ritschl® finds on the other hand that the two resonance 
lines A 2676 A and 2428 4 (62S;—6?P2.3) are each double. The satellites 
are observed at +0-224 cm! and at +0-221 cm! in the two lines 
respectively. The existence of this structure has been attributed by Ritschl 
to a nuclear spin of $s. Since the two above lines are resonance lines, 
self-absorption in the source by normal gold atoms can produce a doubling 
of each of the resonance lines. The present work has been undertaken with 
the object of deciding between these conflicting results ; it has been definitely 
shown that Ritschl’s analysis of the resonance lines is correct. Wulff!® has 
reported that his results agree with those of Ritschl; but it has been re- 
marked that a nuclear spin value of § satisfies the interval rule better in a 
number of levels. In the present work the lines involving levels known to 
show isotope shift in the isoelectronic Hg II spectrum™ are analysed, and 
it is concluded that gold consists of a single isotope of mass 197. 

A hollow cathode made from a sheet of copper-gold alloy (containing 
about 0-5°% gold) was first employed. A 2676 A exhibited two components 
of nearly equal intensity; the possibility of this doubling arising out of 
self-reversal could not be ruled out. Hence the water-cooled hollow cathode 
previously described! was gold-plated on the inside; an examination of 
\ 2676 A revealed again the same two components. If the observed doublet 
7 Grace, Phys. Rev., 1933, 44, 362. 

8 Frisch, Zeits. f. Physik, 1931, 71, 92. 

9 Ritschl, Naturwiss., 1931, 19, 690. 

10 Wulff, Phys. Rev., 1933, 44, 512. 

11 Venkatesachar and Sibaiya, Proc. Ind. Acad. Sct., 1934, 1. 8. 
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structure is not caused by any reversal, it was argued that under suitable 
conditions of excitation each of these components would be reversed and 
four lines could be observed. A thin gold sheet was therefore introduced 
into the hollow cathode and a discharge current of 200 mA at 1000 v. from 
a D. C. 1 kilowatt generator was maintained. Pl. XVI, Fig. 4 shows the 
doubling of each of the two real components of A 2676 A due to self-reversal 
in the source. Thus it has been established that A 2676 A of gold consists 
of two components, vzz., 0-000 and +0-223 cm, with an intensity ratio of 
about 3:2. The satellite separation has been computed from all the above 
methods, including the one giving self-reversed components.” 


The nuclear spin of gold has to be deduced from the intensity ratio of 
the components ; it is however difficult from visual estimates of intensities 
to decide between the nuclear spin values $ and $, which demand the 
intensity ratios to be 1-67 and 1-40 respectively. The balance of evidence 
is in favour of the value $ because the following lines involving the meta- 
stable level 5d® 6s?*D§$ have the appearance of incompletely resolved flag 
patterns containing four components; nuclear spin values of $ and $ 


should yield four and six components respectively. 








Ain A.U. Classification | Total width | Interval 

| inem.-! | factor of 2D, 

| | bd 
3029 -22 | 5d® 6s?*D,—5d° 6s6p2F, | 0-163 | 

| id a | 0-018 cm.-! 
2748 -26 | 5d® 6s?°D,—5d° 6s6p 4F, | 0-165 | 





The hyperfine levels in 27D§ are inverted. 


One would expect that if gold should consist of two isotopes 197 and 
199 as is suggested from its chemical atomic weight, the above lines should 
show the structure patterns due to the two isotopes separately. This is ne- 
cessary because the 5d® 6s? 2D level in the isoelectronic spectrum of Hg II 
shows large isotopic displacement. The photographs of the hyperfine 
structure patterns of A 3029 A and 2748 A are so well exposed that even if 
Au 199 should exist to the extent of about 5% its presence could not have 
escaped notice. It must be concluded that gold consists of a single isotope 
of mass 197 and that its accepted chemical atomic weight is too high. 
Further support to this conclusion is given by the fact that an odd isotope 
of an element with odd atomic number has no isobare in appreciable quantity ; 





12 Sibaiya, Proc. Ind. Acad. Sci., 1934, 1, 321. 
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Au 199, if it should exist, would be an isobare with Hg 199 (16-45%). ‘The 
following table gives the percentage abundance of isobares with odd mass 
numbers in the heavy elements. 





Ele- 


At.No. aenneh 


Percentage abundance of odd isobares 





187 (6) -8%) 
187 (0-6%) 


197 (100%) 





| 
197 (0-01%)| 203(0 -006 % 


| 
| 
203 (29-4%)| 205 (70 -6%) 


| 203 (0-04%)/| 205 (0-03%)| 209 
| (0 -85% 
209 
(100%) 
| 




















Thus Au 199, if it does exist, must be present to an extent not exceeding 
1%, and probably it is entirely absent,* because whenever an element with 
odd atomic number contains two odd isotopes they will exist in comparable 
quantities. 

The nuclear g(I) factor can be computed from Goudsmit’s formula for 


a penetrating s-electron™: 
3a n° 1838 
ot) = Rat * Gat * KG, a 
For the normal 6s Sq state of gold a=0-112 cm-!, n)»=1-214 and K (j, Z,)= 
2-2; and the g (I) value becomes 0-136 while the magnetic moment of the 
nucleus is 0-20. White! gives the nuclear magnetic moment as 1-8 after 
Fermi and Segre!®; Schiiler!® however obtains the value 0-15 for the g (I) 
factor. My calculated value of 0-136 for the g (I) factor agrees well with 


the theoretical value 0-133 of Lande.!?7 Using Goudsmit’s formule for the 











* More recently, Dempster (Nature, 1935, 136, 65) has obtained the same result with 
the aid of his mass-spectrograph. 
13 Goudsmit, Phys. Rev., 1933, 43, 636. 
14 White, Introduction to Atomic Spectra, 1934, p. 372. 
15 Fermi and Segre, Zeits. f. Physik, 1933, 82, 729. 
16 Schiiler, Zeits. f. Physik, 1934, 88, 323. 
17 Lande, Phys. Rev., 1934, 46, 477. 
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p-electrons it is found that the levels 5d’° 6p *Pi, 3 have total separations 
amounting to 0-024cm.! and 0-008 cm. respectively. These separations 
are too small to be resolved in the lines involving these levels. The larger 
separation (~0-164cm—") with an interval factor of 0-018 cm! in 5d® 6s? 
2) is consistent with theoretical expectations. 

In conclusion I wish to thank Prof. B. Venkatesachar for his helpful 
guidance. 

Summary. 

Hyperfine structure analysis of some selenium and palladium lines 
shows that none of the levels examined reveal any even isotope displacement. 
The nuclei of Se 77 and Pd 105 have very small magnetic moments and their 


spin moment is probably 4 5 

The doublet structure (Av =0-224cm-!) observed by Ritschl in the 
resonance lines of gold has been confirmed by the redoubling of each com- 
ponent due to self-reversal in the source ; this test proves that the originally 
observed doublet structure does not arise from self-reversal as the earlier 
results of Frisch would suggest. While in the isoelectronic spectrum of 
Hg II the 5d® 6s? *D& level exhibits isotope displacement, are lines of gold 
involving this level point definitely to the existence of a single isotope of 
mass 197; the accepted chemical atomic weight is therefore considered to 


32 and the g(I) factor 


comes out as 0-136 agreeing with Lande’s theoretical value. 


be too high. The nuclear spin moment of gold is 
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In a previous paper! I proved some inequalities connected with A,(x), 
&,(x) and I7,(x). In this paper I prove some more inequalities connected 
with these functions. 

In what follows L,, N, a, 8, y denote positive absolute constants ; A 
denotes a positive absolute constant, not necessarily the same at each 
occurrence. B, J and E have the same significance as in §2 and §3 of 1. 





THEOREM.” 
iar taal Ser wea) for ¢ 3 end opi. 
a is 
(B.2) Syu(x) < yes (ux+ B+I+B is > 3; and yl. 





Lx (lix+B+J)” 


(B. 1)’ Dyu(*) < ——— forx >2;andv >0 








logx ov! 
LetA=-57; -68 cw <1; -96<¢ 0 <1. 
Tila) <B— (UEFBY yee BP | 
(C) TT 41 (x) aT = +2 1) 5 ae 


forx >yn;andvy>1 


(C. 1)’ Hyu(x) < a. (es B)” 


og x 


1 Vv-1 
(lx + B) a" ) 


+A —ae ae 


v! 
forx >3;andv>0 


x ((x+Bte—p)” | (Ux+Bte—p) ) 
a x. '* . oe 


forx >m=7n,(e); andy >1. e€is any small but fixed posi- 





(C. 2) LTyus(x) < 





tive number. 





1 Indian Physico-Math. J., 1934, 5, 9-16. 
2 We write /lx for loglog +. 
3 It is easily seen that 7 in (C)’ is independent of v, 7, =71(€) in (C. 2) is indepen- 
dent of v and p, and 72 in (C. 4) is independent of Cand v. 
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[2 


‘ ; x (1 v 
(C. 3) Tyisl) < jog tpt (4+ B =n + Vio ) + een 


yllx v-1 


(ux oe log x 


+ | fora > 3; and v>1. 


x (lx+B—Q) 
log x v! 


(lix+B—¢)"4 ) 


(C. 4) ya (x) < a to} 


+¢ 


for x >; and v>2. 


“ Nx (llx+B— p)” (lix + B— p)¥-! 
5 Poe a — eee 
(C. 5) My(x) < log x t = pe (—1)! aM 
for x >3; and v> 0. 
Lemma 6 below shows that it is not possible to replace pe - by fllx 1 
log x log x x(x) 
where ;/(x) is any positive function tending to co with x, in (B. 2). It is 


however possible to replace B by 1+ Pg and then we have 


(B. 2)’ Syulx) < 


! Vv 
¥_(ux+B+y+ Set) 


z log log x 
forx >3; andy >1. 


A similar remark applies in the case of (A. 1)’ and (C. 3); in fact we 
can prove that 
lix+A 
log x 
lix + A\’ im 
aa % oF log x (v—1)! 


: lix +A ) 
(ux +B-—p+ hes Se 


v 
(A. 1)” Apul(*) < og a (le +B+ - ) for x >3; andv >1. 


(C. 3)’ Myu(x) < -(ux+B—p+ 


for x >3; andy >1. 
(B. 2) gives that 
x(lLx)” (B + J) x (llx)”*? 0 (‘* x(ILx)”- -) 


Tyia(*) < v! log x (v—1)! log x log x 


=S5 (say) for 


fixed v > 1 


and anyone of the inequalities (C. 2), (C. 3) gives 


x (llx)” Bx(lix)¥— x(lix)’*\ 
Mya(*) < v! log x + err log x +0(7) = 2. (eax) 


fixed v > 
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While it is known that*® 
®yul(x) = S; Wyy(x) =2 for fixed vy > 1 rr: = (a) 


Lemma 1. 
(1. 1) 1a (1-414) (Fea) for all s > 2 
s(s+ 1)? 


~joroo < (1-14)*— (1-138) for s > 2 


(1. 2) 
Lemma 2 


Let F, = xl 
» P 


Then F, + 88+) 


25. 191° < < 2(-569)s for s=2. 


< (-569)* for s>3. 


The Lemma is easily seen to be true for s=2 and s=3. Assume it to 
be true fors=n >3. ‘Then, 


(n+ 1)(n + 2) 1 ae 
Q”+1.1 910 — Qnt1 a 3nt1 © 


(1 +1) (n+2 1 1 1 
< 24 Sa ti(get+me+—) 


Qn+1, 1910 


(n +1) (n+2) 4 S(-569)e— "e+1)_ 1) 


cae Qn+1 a | 92.1019 = an J 


_ "9 (2 + 1)(7+6)) 


: (Fe " 569 
Qn. ij fe “8 500 +(500) 


Hence the lemma is true for s= +1. 


Lemma 3. 


s(s+1 P 
F, + ere < (- 68)s for s => 2: 
Lemma 4. 


If x > ng 


) 1 2(- 569)s 


ne RR ns 
pica P log (x/p*) log x 
— (569)! 
log x 


for s=2. 


for s>3. 


*S.M. Shah, “Ona formule for 3 ® 1 ( +)” (in the press). 
° S. M. Shah, Proc. U.P. Acad., 1935, 4, 207-215. We note that IT, (x) =o, (x) and 


® (+) =p,(*) (Landau Handbuch, 205-213). 
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2) 1 at 68)s 


2 s_ = ———+ for sip2. 
pitica P log (x/ps) ~ log x 


za _f 1 - FB, As(s +1) = = 
ptica PS log (x/p*) ~ log x 9s log? x 
! fF _ s(s+1)) 


< fog xt ** 2-108) 


if s>2 


Hence the results follow from Lemmas (2) and (3). 
Lemma 5. 
1 Ix + -B+J 
2 = a te ee a 
s>1 piti<ae Pp log (x/p') J 1 
A 
 fogtx’ 
For when s>2 
z : ea * 
pica p log ( xp) log x Uistice p log 4 X osticy —— 
2 log? p ) 
y Ss 
+ pica Pp log x log (x/ps)) 


(4 Sy logp , 5 s%(s+1) log’p) 


{pa 8 yp logp , As(s+1) 1 ) 
t aad logx 7, p 25 log? x) 


ra a ti +(F sz leh 


1 
log x °* log x7 ps p Plog? x 
l 
log x 


2 
s>2 pitice Pp’ log (x/p5) log x 


1 A 
log? x * log? x 


8=x2 Pp ps 


Since’ 
1 llx B E A 
DH ras nile a aes 
p?<a P log (x/p) * jog x log x * log? x T fog? x 
The lemma follows: 


Lemma 6. 


_ xllx (B+ J)x xllx x 
a(*) = log x + log x + log? x +0(53;) 





6 1 Lemma 2. 


7S. M. Shah, Indian Physico-Math. J., 1933, 4, 48-50; 1935, 6, 19-25. 
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Proof® 
&(x) < 2 = ay (4) 
& o( ) e>l pices Wr ps 
< 5 & G) 2 | ene. ee 
ke p s>2 pitica P* log (x/p*) 


aS a ae ee 
s>2 piticg P log? (x/p*) 


x Piel ym 
. pe - G) ae Se Uog x * rd 
+A 2 
xllx (B+ J)x xllx 
< jog x log x *" log?x + tae 2 
Further 


& q(x) > Ag(x) + b> A,(x) where N = = ] 
k=2 log 2 


And A,(x) denotes the number of integers of the form pg* (pq) not 
exceeding x. 


* A,(x) = ili K (3)- A (27) 


el ie 4 
pk<x), P* log (py +t dant p* jog? (x/p*) 


Pd, EF1 

pP®<*/o O( ies log® am) x (# ‘ ) 
=m 21 + 2s + pm —_ a4 

oe A ee ae ee k log p 

log x pe<*], p* log x peer], pe log (x/p>) 


1 1 x k log 2 
Se eal 
2 pt pt>2/, 7m} * fog x 2 log (*/44) 


ee } Ax k 
a log x [Fe log? x + log?x 2? 
ae Ax Axllx 

log x aii logtx * log? x 


By> 0; 2y— 2,~0 (jeez) 


a ae 
log x 


8 1 Lemma 3, 
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n>4. Forx 2%, 


Zz a, (5) < 


prticaz 


x(-57)* 
log x 





For 





x 
pin Th (Fn) < stmt p* log Gy 7) _— 


= % 2) +Ax 2, 








xF, 
A,(x) —- ifx > 
" % | :,) 
= a log x | > a 
. = . A A 
Now Fy < 5% Ed F, < om < 7 
of *J Ax , 
> Al) logx log? x lel 
xllx (B+J)x xllx Ax. 
— Bo(x% = —— x > 
@a(*) > log x log x + log? x — log’ ainda 
which with (2) proves the lemma. 
Lemma 7. 
n>4. Forx >, 
mh (5 ) < (-5 7)" 1 x(x + B—1) 
ee poy <\? log x 
For 
4 xl R= 4 
z Ih(s)< 2 i a 2 
p'<a« p pga pr 1 log (pai ) p <a pr log (pr i) 
- n—1 é n-1 
P xllx(-569) Ax(-569) t+ 
log x log x 
Choose », > Max (ys, e) so that 
lix+A 57 f 
lix+B—1 * ay silts 
Then 
5A n—1 
mL Ges :) < a — (-569)"1 {Ux + A} 
n-1 ae — > i 
< ‘a ah 57)"-! (ix+B—1) forx >y,; 
Lemma 8. 





1 


2 ’ x 
prtice p” log? (i) 














. 


On Inequalities Satisfied by Certain Arvithmetical Functions (I1) 327 


a ee 1 l log p” 


Mo = - a ee a Ee 
3 2» ' 2 
log Xx pttise p” log x pp" Sax p” log (5) 


1 log p” x 
oy ——__. = J, + Loe + 2» 
py <A 1. Am (n+1) 


“21 


2” log? x < o log? x 
A n(n+1) 
log? x Pad 


Xa + 2g < 


A ] 
< 


9 
Choos >; $ — ———— 
€ Ne >; so that log x 10100 


for x > 7. 


Then for x > ng 
% j 2An (n + 1)*) 
2 m,(~.) : §(.569) yt 
a a “ey i 569)” + Qlogx S 


x anes n(n +1)? ) 





Proof of (B. 2) 
Choose 7; so that for x > ,; 


a % 2 Ux 
faT diced + poet 


We prove now that for all sufficiently large values of x 


(x) < 


allx x) , mlz) 
lx + > il: + —# - i a oo (3) 

lo ¥y log(*) 

oly 
Be 
where y = p°; p<x*t! and I<s< A log x. 
: = u x a log x 

For pg x8tl =x Stl - pt ax Stl = etl eh toe ii 


Whenl+c< ; < Allx then obviously (3) is satisfied if x > ny, > 3. 


When > Allx consider 


Qllx 


x 
y 


1 
F’(y) = - 1 
(y y log ay) + 
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F(y) is increasing with y. Also 
log 2 llx . 
4(9) — : 
F(2) log x a (i )>0 if x > mo- 

*, (3) is satisfied for all x > my, = Max (yp, Mp, M0). 
Choose 7, so that for x > m2 





l llx (B+J) Qllx 
Z zs —— < — — 
s>1 pti<e p* log (5) log x logx ' log? x 
Let m3 = Max (m2, uy, 7) We first prove 
oy xf 2ilx |” 
@& yi(*) < theatre’ * P+ 3+ fog x! for x > 33 


and ally >1 - 
(4) is true forvy = 1. Suppose m > 2 and (4) to be true for y= n— 1, 
Then 


s=A log x x 
NGS y1 (x) < D n ae ) 
s=1 pice2z 1 
A log x 21l *)\,>* 
sr ad | n(# :) +B4S+ (Ge) 
s=1 pit'<e (n—l) ! ps ‘log (2 EY p log(#,)| 
x 2lix \* 1 
*G— jt B+I+ log x) log x 
which proves a forv=n. .*. (4) is true forv > 1. 
Now & p.(%)=0, where 3 < x < mp, if v exceeds G=G (n,). 


Choose B=8 — 2 so that 


& pri(¥) < 


Tio gx -g (Ux+B +J+ ee) for 3 < ~< ms; and lg v <G, 


pil 


Vv 
~) for 3 < * < ms; 


JW. ya(*) < yl ea Ge +B+J+ ‘tee - 


and v >1. 
And this with (4) proves (B. 2). 
Proof of (A. 1)’. 
If x > Nn 


(=) lx 
ll G < Ux h < ¥: 
G)+— iog(®) “ar where p Vx 


Choose 7, so that 


*_ Syy 4 the) 
A2(x) < —¥ om +B+t log x! for x >; 
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and m, so that 
3. ~ ees 
p?<ex p log cS log x 





Let m_ = Max (qu, %« %s) We prove then, as above, that 


1 llx+B 21lx \¥ ; 
Ryaal®) < 51 fogs {x + + Tog aS forx >m—;v > l. 


Choosing a, as we did f, we prove (A. 1)’. 
Proof of (B, 1)’. 
From (B. 2) 





® yri(*) < eee iat 
log a(lla+B+J) oe 
- (1 Por: Blix — "| og a(lla+B+J) 
log x (lix + B+J) 


L,x(llx + B+ J)” 
< — — for x>3;1<v< A logx. 


And obviously this inequality is true if v > A log x (absolute constant 
Acan be so chosen that ® p(x) = Oifv > A log x and x > 2). . 
Choose L, so that 


~ XL 
& 1 (x) * i for x > 2 os si on -» (5) 





Let L = Max (ly, L,), then 
Lx 


v! log x 





® p(x) < (lix+B+J)” forx >3;andy >0 


From (5) we see that this inequality is true® when 2 < x < 3 andv >0 


*, ORD. 
Proof of (C)’. ° 
Choose 7, so that (C)’ is true for x >m,; and v=1, 2,3. This is 
possible by (a). Let * >n=Max (n, mz, ms). Then (C)’ is true for 
v=1, 2, 3. Let m >4 and suppose (C)’ is true for v=1, 2, --, (n — 1), 
Write lix+Bz=é. Then 


nlIna(t) < 2 Tn G)+ 2, es (+) es 


aes T (Fn) 





® We note that Jlz +B+J>0. 
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«= x 7 ( ga-1 4 , os 4 % et 
p?<x p log (5) ) (n-- 1)! (n— 2)! 
x gs x 
eo ; Si ae | 
p<a p* log (S) |=) i * Jog x 
x ( sgh i] 2xr2 ~~ 2 aye 
went) < ioe oil tS tips cait co ty 
a, ) xr” 
+ fog x in— he = 7" ** F ioe x 
(é" r "fie n - : ve 
*. Tyia(x) < Py = val + @—yit + A” which proves (C) 
forv = n. “. Q.E.D. 


(C. 1)’ follows easily from (C)’. 
Proof of (C. 2). 

Given ¢ choose m. = mg (e) so that (C. 2) is true for x > the; 
and v=1, 2, 3. 

Let x >, =Max (ms, %¢ m5). Then (C. 2) istrue for v=1, 2,3. Let 
n>4 and suppose (C. 2) to be true for v=1, 2,---, (n—1). Write 
lix+B+te—p=6é. 


reer = . ene (3 2) = ve oo mI ahaa 
<ioga f+} (oa t Stee — 
“pote i ae i ia pees p gr ee + 
+s =a a so ie j(H— e) wp") + (n— ie 
. Tysa(x) < < ee - F +H = - +: . yp} 
which proves (C. 2) forv = n .. Q.E.D. 


The proof of (C. 3) is similar to that of (C. 2). See also the proof 
of (B. 2). 
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(C. 4). 


a Ilx)\2-3 
Since!® IT,,(x)— A,(x) ~ = “) *) 


ins” Sp for fixed n > 3 ~~ & 

*, Choose m» so that (C. 4) is true for x >m, and v=2, 3. This is 
possible by (8) and (A. 1)’. 

Let x > n.=Max (mo, m5, 4). ‘Then (C. 4) is true for v=2, 3. The 
proof is now similar to that of (C. 2). 
Proof of (C. 5). 

Choose N, so that 
Sad 
log x 


IT, (x) < forx >3 


And N, > N, so that J7,(x) < ieee {llx + B} forx > 3. 
We first prove that 


N, x ¢(lix+B—p)’ (ix +B — p) 
Tat * aoe ae Oe 
for x > jo» = Max (ms, ng, &); andv >0 ‘ik ae - & 
(6) true forv = Oandv =1, Let m > 2 and suppose (6) to be true 
forv=1, 2,---,(m—1). Writellix+B—p=€. Then, 


NIT, +(x) < N a : | © + — ee 
ntil4 2 wee bles @\e n—1l)! B (n— 2)! 


z : eee, Pee ee ge 
pi<e p* log (2 Ho — 2)! peti<ge fe Fie 








< ies [e+ ora + ~~ Dale yt peel 


which proves it for v=n. 
Hence (6) is true for x > yo»; andv > 0. 


Now consider when 3 < * < na». If & < * < noo each term in the bracket 
of (6) is positive. If 3 < x < e& the bracket 


i v-3 = 
= ie + m+ or) re — (Ux +B—p)*(y + meteor) 
v-1 ~ 
+ coo + +R (u + net Bo) if v is odd. 
(v—1)! v J 


a 


°S.M. Shah, “On the Difference [on (*)—An(x)]” (in the press), 
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= {urt( w+ Ux+B—p ere are ee (ix +B—p)” 
1 








; } if v is even. 
Vv. 


Hence R.H.S. of (6) is positive when 3 <¢ % < Mao. 
Further JT,,,(x) = 0, when 3 < x < no, if v exceeds G (129). 
Choose N, = “ae such that 





(lix+B—p)” | (lix+B—yp) 1 
TT y41(% )< ia x * ae +p o_o a + see j 
for 3<*<7; and O<v<G . a Ae . (0) 


and (7) is certainly true for 3¢%< nop ; aad v>G. Let N = Max Ne, N,). 
Then from (6) 


Rut <= 








forx >3;andv >0. 

















AN AFFINE CALCULUS OF VARIATIONS. 
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I usr the word affine here in the sense of non-metric, and not with reference 


to the transformation group of a parameter. More specifically, we shall 
deal with the differential geometry of a system of m equations of order +1: 


(I} tot) + af (x, x0), of), ---, 47,4) = 0 (¢ = 1, 2, ---, 1) 
Besides the tensor summation convention, we shall use the notation : 
; ' . ayes of of 
WO == gh UME = OV me —— i =f =r fi =fhnx= F3r 
Greek indices, when summed, will range over the values 0, 1, 2, ---, a. 


We may assume various kinds of parallelisms or differential operators 
for this geometry. But it will be seen’ that the simplest differential 
operator which carries a tensor into another of the same rank and is distri- 
butive in addition, is necessarily of the type 


Z o—l 
(1) De =“ + yw’ £ = —a’ se + J x(¥t1)r ape 
where the coefficients 7; have the proper law of transformation when 
coordinates undergo a non-singular change independent of the absolute 
parameter ¢. ‘The difference of any two sets of coefficients y; — y”; would 
be a tensor of the rank indicated as an invariant of the connection. But to 
determine an intrinsic connection and the set of differential in variants arising 
therefrom, we shall have to refer to the equations of variation of (I), i.e., 
(II) wlotl + yrrat,, = 0 
(I) and (II) are assumed, of course, to be tensor invariant in form, 
with # a vector variation which carries paths [solutions of (I)] into other 
paths, when multiplied by an infinitesimal factor as usual. To bring out 
the tensor invariance of (II), they may be written in the form 
(2) Diorty + Dew Pi, =0 DY = D( Dv), etc. 
(v) 
The coefficient of Dour aig =a! or ~ (@+1)y¥,. If this is taken to 
Cc 
be zero, the intrinsic connection is at once determined as y‘; = — a;. The 





? D. D. Kosambi, “ Parallelism and Path-Spaces,” Math. Zeit., 1933, pp. 608-618, 
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remaining coefficients P’, P’, ---, P* calculated with this determination 
(Oy (ly (o—1)/ 

of the connection, are intrinsic differential invariants of the space, occupy- 

ing the position of primary curvature tensors. The full set of differential 

invariants may be obtained by alternating the fundamental differentia] 

operations 


m) %) 

bya ot 
It is the first two that are most productive ; we obtain a secondary set of 
differential operators corresponding to the ordinary covariant derivative: 


vib = (Du'\o; — Duro; 
(1) 


(3) viet = 7D -Dy uw 
(2)/ (1y (1)? 
vt= vy D¥-DJ uw 
(a)/ (o—1) (a—1) 

In the actual computation of each of these, it must be noted that 
certain tensorial terms may occur, due to the fact that a‘gjgg is a tensor of 
the space when the order o+1 is greater than two. Such terms are left 
out altogether without affecting the tensorial nature of the operation. The 
operators Mi as well as D are extensible to tensors of any rank, as in the 

v 
usual covariant differentiation. It should be noted that whereas only d/dz(0) 
is tensorial, any 0/de” will give a tensor with an additional covariant index 
when applied to a tensor containing no higher derivative of x’ than x”. 
But the general processes are as given above. 


Further alternations of the primary and secondary differential operators 
will give relations involving these operators with coefficients which give the 
differential invariants of the space, of which a full set may thus be obtained. 
The P’; and a’gjo4 with x itself constitute the primary set, when o > 1. 

(v) 

The calculus of variations has always been a guide in the construction 
of such generalized differential geometries. It corresponds to the metric 
case. A necessary condition for the existence of a metric is that the 
equations (II) be self-adjoint. It is, presumably, a sufficient condition also, 
though the general theorem is not easy to prove. For o = 1, it has been 
demonstrated, and, for that matter, the complete differential geometry of 
the space has been worked out on the lines sketched above.? I treat here 


2 D. D. Kosambi, “ Systems of Differential Equations of the Second Order,’ Quarterly 
Journal of Math., Oxford Series, 1935, pp. 1-12. 
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the case 0 = 0, as it is so simple as to give only a few of the features of a 
complete differential geometry, and for that reason, will not be considered 
elsewhere. 

The paths being given by 


+ ai (x, 1) = 0 $= 1,2, --+,% 
the vector a‘ itself is the essential differential invariant of the space. If now 
a tensor f;; be sought which associates covariant and contravariant indices 
according to the usual law, the equations of variation of 

See {%" + a’} = 0 
become self-adjoint if and only if 

(4) fi % hii = 0 

(5) fii. + fixi +haj = 9 

a) , : ; 

(6) —at fin + 5 Si — fix a*; — fog a4; =0 
Of these, (4) and (5) show that /;; must be the curl of a vector. Moreover, 
n, the number of dimensions of the space, must be even, if the skew- 
symmetric determinant | f;;| is not to vanish identically. Writing the funda- 
mental tensor as f;; = $;; — $;; where ¢; is a function of x, ¢, we see from 


(6) that (f;,a”) ; — (fe’) i = = fi; which indicates that fj,a” — = g is a 


partial derivative, — %;. The integrand of the variational problem is 
obtained at once, and the paths are the extremals of 5 if (b “«” + b)dt = 0. 








A SIMPLE TEST OF VALUE OF A PARTICULAR 
PERIOD IN FORECASTING. 










By S. R. SAvur, 


Meteorological Office, Poona. 






Received August 2, 1935. 







IN an interesting paper ‘““Sunspots and Weather’! C. G. Abbot has come 
to the conclusion that ‘“‘weather repeats itself in all parts of the world with 
23-year intervals’. As regards the use of this cycle for weather predictions 
he says, ‘‘At many stations this cycle in weather enables us to forecast general 
conditions of temperature and precipitation for many years in advance, 
Accurate seasonal predictions would require a more complete knowledge of 
the causes of shifts of phase in weather periodicities than is yet available.” 
This raises the following interesting question :—“If a periodicity is known 
to exist in some known data, what should the other conditions, apart from 
changes in phase, be in order that the periodicity may be of use in forecast- 
ing the data ?’’ ‘To solve this question we may proceed as follows: 
























We will assume for the present that there are no shifts of phase as 
contemplated by Abbot. Let there be an u-year periodicity whose effect 


in the data is represented by a, @y,...... , 4, and a,. The actual values 
will then be a,+d,, a,+d,...... » An thy By +43, Agtdusg.-...- , where 
d,, dy,.... are random variations which are independent of the a’s. Without 


loss of generality we can assume that yz, the mean of the d-population, is 
zero. ‘The (f+n)th value is easily seen to be a-+diy,z,), Where f and k 
are positive integers and 0<f<mu-+l1. The deviations, d, arising from 
unknown causes cannot be forecasted. This shows that accurate predictions 
are not possible. If, however, we are content with a forecast having an 80% 
chance of success, we can predict that the (f+m)th value lies between a¢+c, 
where c is such a value that the chance of a random deviation d not exceed- 
ing c numerically is 80%. c can be determined when the frequency curve of 
the d-population is known. 





In order that our forecast may be useful, it is essential that o,<oz* 
and the interval, 2c, between our forecasted limits should be a small fraction 
of as. Since the value of ay is different for different years, we may take its 





* Otherwise the random variations become more predominant than the periodical varia- 
tions. Ta and Og are the population standard deviations of the a’s and the d’s respectively. 
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least value, a;, and demand that 2c must be less than say 10% of a;; i.e., 


1 
2c < —~—ay, is - wa ae 


We may not be far wrong if we suppose that the d’s belong to a normal 
population. In this case c=1-280, where og is the standard deviation 
of the d-population as mentioned above. Equation I now becomes 


Sd = 0.039 ce 4 # 
a 


In order to give a forecast with an 80% chance of success, we should 
know og and @,, ag, ....-- , 4,_, and a,. In practice, however, we do not know 
these quantities, but only the observed values, namely, @,-+-d,, @,+do,...... 
To determine the values a, a@,, etc., we may proceed as follows : 


Let the observed values be denoted by ¢,, @, ....... We arrange these 
values in the following manner : 


























@, €2 ea eee Cn 
Ons Cny2 ee, o- Con 
Con. M41 Conn42 oe .e oe Con 
= | 
Sum ie” 8, ite epee Sr, 
& \I 
Mean{=—} ™m, Mm, owes 0 My 
g/| 
| 
The values m,, me, etc., are our estimates of a,, dg, ...... , respectively. It 
is clear that as g tends to infinity, the values m,, m2, ...., tend respectively 
tO @, @s,..... It is easy to see that the standard error of the m’s is very 


approximately equal to og/ Vg when m is not small. Hence the 
highest random error (on the 5% level, that may be expected in the m’s is 


0-674 xp xe where # is the value of A, corresponding to M=” taken 
from Table I of (?). This error should be comparatively small. Let us 


A2 F 
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say that it should not he greater than 1/15 of the true value of the least 
of the a’s. That is 


0-674x pxog/Vg< 






1 
15 








Od Vg 
-<¢ ; “ eis x. 
ay ~10-1p . 


Comparing this with equation II we see that 



























Vg € 
> 0-039 
thal 
or 
g>0-ls5pf? .. 4 es .. IV. 
For example, when ==23, p=4-5 from Table I of (7)... g>3-14, 7e., 


the number of rows must be greater than 3. In this particular case we may 
be satisfied with g=3. 

It is hardly necessary to repeat that the greater g is, the more accurate 
do the values of m become. 

We assumed above that an n-year periodicity exists in the data. The 
real difficulty is to find out whether our assumption is correct. We can, 
however, test its accuracy in the following manner : 


We assume the existence of the n-year period and calculate the means 
ee Tee , aS explained above. In calculating these means we use as 
many of the data as are necessary to give us at least g rows, the value of 
g being that given by relation IV above, and such that not less than 17 
values lie over. The reason for at least 17 values remaining over is given 
later on. Our periodic values are, as has already been said, m,, myg,...... 
We now test these values against the actual values which were not used in 
calculating the means m,,..... In doing so we will be using a form of the 
Performance Test suggested by C. W. B. Normand.** The method of testing 
is as follows. Let the successive actual values not used in calculating m,, 
etc., be denoted by A,, Ag,...... , A;. We correlate these with our fore- 
casted values my, mg,....... The n-vear periodicity can be considered to 
be real only when the correlation coefficient (which may be called the test correla- 
tion coefficient or briefly the test r) is not only significant, but positive as well. 

Having proved in this or any other equally trustworthy manner that 
the periodicity is real, we can easily test whether it will be of use for 
forecasting purposes in the following way: 

We compute 6, =¢,—m,, 5,=,— Mg, ...... » On=Cy —My, S41 =Cn 41 — Mr 
sium . These 8’s are our approximations to the corresponding d’s. If 
corresponding to equation II we find that ss /m;<0-039 where Ss is the 
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standard deviation of the 8’s and m,, the least value of the m’s, we can take it 
that the periodicity will be useful for forecasting purposes. 

The reason for allowing at least 17 of the original values to remain 
over may be seen from the following. When a significant periodicity does 
exist, we may assume that the least value of p»,, 7.e., the population- 
correlation between the m’s and the A’s, is aboat -8.¢ The value of Fisher’s 
z corresponding to this value of p is 1-1, see(®). Since our sample contains 
s values, the standard error of the z for our sample is 1/ ¥s—3. Hence the 
least ‘‘probable value’’ of z on the 5% level of significance that we may 
expect in our sample is 1-1 —2/ V¥s—3. 

If the m’s and the A’s are uncorrelated, the highest “‘probable value’”’ 
of z, again on the 5% level, is 2/ ¥s—3. Hence in order that our value of 
zmay be considered significant 1 -1—-2/ ¥s—3 should be greater than 2/ vs--3, 
i.e.,s should be greater than 16-3. 

Thus the least value of s is 17. 

The method detailed above was first tested on artificial sets of data 
obtained in the following manner. From one of the Sankhya tables of random 
sample deviations from the mean of a normal population® a set of 23 
values was taken.t To each of these values was added 5, the resulting values 
thus constituting a random set of 23 from a normal population of »=5 and 
o=1. One set of such values were : 

4-46, 4-79, 4-40, 3-41, 4-40, 5-22, 6-45, 4-16, 

6-71, 5-93, 5-17, 3°73, 5-48, 4-17, 5-14, 4-88, 

4-34, 5-50, 5-93, 5-81, 6-54, 4-60, 6-24... oo W 
These values were taken as our a’s, the periodic values. Since the least 
value in this set is 3-41, we see from equation II that oz should be less than 
0-133. We therefore took og=0-12 and multiplied by this quantity 
every value in another set of 112 figures taken from (, These were our d’s, 
To these were added the periodic values a’s given in V and we thus obtained 
a set of 112 values in which random variations were superposed upon a 
23-interval period, this set satisfying the conditions necessary for a “‘ useful’’ 
forecast. 

Using 92 values of these so as to give us 4 rows, the values m,, my, ...., 
Ms, were determined. These were correlated with the remaining 20 values 
of the original data. 





| The value of the correlation coefficient depends in a complicated way upon g a)-0q and 
g. This relation is being investigated separately in another connection. 


{ These values were approximated to two places of decimals to lighten calculation. 
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The test correlation coefficient was +0-99. 


This very high value of the test 7 is no doubt due to the fact that a,, 
in the above set of values, is nearly 9 times oy. 


In another set of data in which o, = a,, aS an extreme case, the test 
y was +0-64+0-09.§ In both these cases the test r’s show that the perio- 
dicity does exist which was further tested and found to be useful for fore- 
casting purposes. 


The method was then applied to three other sets of data taken from (®) 
in which there was no periodicity at all, the period tested being the 23-interval 
period. The test 7’s were +0-2140-15, —0-0640-24 and —0-24+0-14, 
showing, as it should, that there is no significant 23-interval period in the 
data, and hence the periodicity is of no use for forecasting purposes. 


This test, having thus been proved to be reliable, was applied to the 
annual rainfall at Madras which is available from 1813. The period tested 
was again the 23-year period which is considered to be the most important 
by Abbot as regards weather phenomena. In the case of Madras we could 
make g as high as 4. The correlation coefficient obtained was, however, 
only 0-113 and negative in sign, showing that the 23-year period is of no use 
in forecasting the annual rainfall at Madras. 


Abbot in his paper? finds that the 23-year period is well marked in the 
annual rainfall at Nagpur. This rainfall is available from 1855. On apply- 
ing this test to this set of data, the correlation coefficient was found to be 
negative and of magnitude 0-14, showing again that the 23-year period is 
not of use in forecasting the annual rainfall at Nagpur. 


It has already been mentioned that in this test the change of phase has 
not been taken into account. The following are the reasons: In the first 
place, it is difficult to say when exactly the phase changes suddenly and by 
what amount. Secondly, even if these two could be determined in the data 
already available, either by inspection or by any other method, it does not 
seem possible at present to say when in future the phase will change again 
and by how much. If by some means we are able to do so in future, then 
our test can be easily modified to take into account the various sudden 
changes of phase. All that we need do is to see that the data in any column 
are all of the same phase, in which case we will obtain more accurate values 
of the means which will be of use in forecasting. It is to be hoped that the 
investigations of Abbot? will throw light on these changes of phase. 





§ 0,09 is the “probable error”. 
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In conclusion I wish to thank Dr. C. W. B. Normand, Director-General 
of Observatories, Poona, for the kind interest he has taken in this piece of 
work. 

Summary. 

A simple method of testing whether a particular period is of use in fore- 
casting is explained. The method was first tested on artificial sets of data 
in two of which random variations were superposed upon a periodic varia- 
tion, and in the remaining three there were no periodicities at all. In the 
former case the periodicity tested was found to be significant, while in the 
latter the periodicity was not significant. When the same method was 
applied to see whether the 23-year period, suggested by C. G. Abbot, would 
be of use in forecasting annual rainfall at Madras and Nagpur, it was found 
that the period is not of use. 
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A SERIES of experimental investigations by Weiler (1931), Ranganadham 
(1932), Bhagavantam (1933), Rao (1934) and others have shown that the rota- 
tional Raman bands in liquids start with a maximum intensity at the centre 
of the Rayleigh line contrary to the case of gases. In the latter the bands 
start with zero intensity at the centre of the Rayleigh line and exhibit a 
maximum intensity only at some distance from it. In these investigations, 
although instruments of very different dispersions and optical qualities 
have been used on different occasions, the results were always reproduced 
in a most satisfactory manner. Recently, however, Sirkar and Maiti (1935) 
claimed to have obtained different results with liquid benzene by using 
improved experinrental technique. These authors used a Fuess glass spectre 
graph and after employing a correction for the broadening of the Rayleigh 
line, obtained an intensity distribution similar to that obtained in gases, 
It is apparent from the microphotometric curves reproduced by these authors 
that the instrument which they have employed is not of a very high disper- 
sion and the exposure conditions are such that the procedure adopted by 
them for eliminating the line broadening is hardly likely to yield any reliable 
results, 


About the same time as that of the publication of these results, the author 
had obtained some very good photographs of the Raman spectrum of benzene 
in another connection using a high dispersion instrument (Hilger E. I. with 
glass parts) placed very kindly at his disposal by Sir C. V. Raman, at the 
Indian Institute of Science, Bangalore. The dispersion of this instrument 
(about 5 A.U. per mm. in the blue) is so great and the Rayleigh lines so sharp 
that if there existed a maximum intensity in the rotation wing at a distance 
of 18 wave-numbers it should at once have been apparent in the photographs 
themselves but no such thing was seen. Intensity marks have been recorded 
in the usual way on the same plate by the method of varying slit widths and 
a quantitative investigation made of the distribution of intensity within the 
wing. The results agree so perfectly with those obtained earlier using instru- 
ments of much lower dispersion and optical quality that ordinarily there would 
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have been no necessity of publishing the same. In view of the recent work 
of Sirkar and Maiti, a publication of these results is however sought here. 

The continuous curve in Fig. 1 is taken from Rao (1934) and the circles 
with dots inset represent the values obtained in the present investigation. 
Fig. 2 is a microphotometric record of the wing on either side of the A 4358 
line and the arrowindicates the position at which one should expect the 
maximum intensity in the wing to occur. The large dispersion of the instru- 
ment renders this position to be distinctly separated from the centre and 
direct exposures show that the line never broadens to such an extent. The 
perfect agreement between the results obtained with this instrument where 
questions of background correction do not arise at all in regions further than 
about 8 wave numbers from the centre and the older results cannot be fortui- 
tous. If we are to accept Sirkar and Maiti’s results, the absence of a maximum 
or a discontinuity in the microphotometric record in the position of the arrow 
can only be explained by saying that the Rayleigh line itself has broadened 
due merely to overexposure to the extent of about 18 cm.~! or more on either 
side, z.e., has a breadth of 1-5 mm. excluding the wing. Such is certainly 
not the case for this instrument. Figs. 1 and 2 which have been obtained 
under conditions which eliminate altogether the necessity of correcting for 
a background are to be regarded as much more reliable than the results ob- 
tained with a Fuess spectrograph after applying a correction for the broaden- 
ing of the Rayleigh line which itself forms a good part of the recorded wing. 

In conclusion the author desires to express his grateful thanks to Sir 
C. V. Raman for his kind interest in the work. 


Summary. 

A study of the intensity distribution in the rotation wing accompanying 

the Rayleigh lines in liquid benzene is made using a high dispersion spectro- 
graph. ‘The results are in perfect agreement with those obtained on earlier 
occasions using instruments of lower dispersion. 
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7. Introduction. 


In an earlier paper! the previous X-ray investigations of mother-of-pearl 
were reviewed and the results of an X-ray study of the nature of the nacreous 
layer of some aragonitic iridescent shells put forward and discussed. The 
shells studied were Tyvochus and Turbo species among the Gastropods, 
Margaratifera vulgaris and Mytilus viridis among the Bi-valves and Nautilus 
pompilius among the Cephalopods. With the X-rays incident parallel to 
the surface, all of them gave spot patterns. But with the X-rays incident 
normally, the Bi-valves gave spot patterns with only one axis of symmetry 
and the Gastropods Turbo sp. and Trochus sp. gave complete ring systems 
like those of a powder pattern. Nautilus pompuilius, on the other hand, gave 
a spot pattern which was highly symmetrical about both the horizontal and 
the vertical axes. From a study of these patterns and others obtained with 
the X-rays incident parallel to the surface at various inclinations to the lines 
of growth it was suggested that the c axis of the aragonite crystallites in the 
nacreous layer is normal to the shell surface in all cases. Further it was 
suggested that the other two axes are randomly oriented in Turbo and 
Trochus species while they present a specific orientation in the Bi-valves 
examined. The Cephalopod Nautilus pompilius was found to have a highly 
symmetric arrangement of twin crystals of aragonite lying specifically 
oriented with respect to the lines of growth. 


The results of the X-ray analysis were found to bear a close correspon- 
dence with the nature of the optical diffusion haloes observed by Sir C. V. 
Raman? in the various kinds of shells. These haloes were complete circles 
in the Gastropods which also gave complete rings with X-rays incident 
normally. The spot pattern with only one axis of symmetry corresponded 


1 §. Rama Swamy, Proc. Ind. Acad. Sci., A, 1934, 1, 871-879. 
2 C. V. Raman, Proc. Ind. Acad. Sci., A, 1934, 1, 859-871. 
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to a halo consisting of two spots and the highly symmetric spot pattern of 
Nautilus to a halo consisting of two arcs on either side. 

Another interesting genus giving brilliantly iridescent shells, viz., 
Haliotidg had not been examined in the previous paper. These shells belong 
to the main group of Gastropods but present some differences in appearance, 
iridescence, etc., from Turbo and Trochus. The latter have a well-developed 
spiral structure while the Haliotide are flatter and more akin to the common 
limpet, there being only a short spire at the hinder end of the shell. It was 
thought interesting to investigate the nature of the arrangement of crystallites 
in this family of shells in order to find out whether it bears any resemblance 
to the previously examined Gastropods. Three different species of Haliotis 
shells were available for examination and these will be referred to in this 
paper as species J, JJJ and IV. The first of these was the most opaque of 
the lot and belonged to the Californian species of Haliotid@ known as abalone, 
A photograph of this shell is given by Sir C. V. Raman in part I of his series 
of papers on iridescent shells (Fig. 1). Species JJ was less opaque and was 
also a Californian variety. Species ]V was translucent. 


It was also found desirable to identify the reflecting planes correspond- 
ing to the spots in the patterns given by Nautilus and M. vulgaris in order to 
place the work on a quantitative basis. This involved the taking of fresh 
photographs in a calibrated camera and comparison with.a powder pattern 


of aragonite taken with the same camera. The results obtained are pre- 
sented and discussed. 
2. Experimental. 


The specimens cut for the present work were thinner and narrower than 
the previous ones in order to get much better defined X-ray diffraction 
patterns. The nacreous part-of Haliotis shells consist of a number of layers 
of aragonite separated by layers of conchyolin which provide a sort of opaque 
or semi-opaque background for the iridescent colours. By mounting a 
piece of the shell with beeswax-rosin or canada balsam on a piece of glass 
plate and judicious grinding with emery powder and water, one could easily 
obtain single layers of this type without any conchyolin. These were more 
or less transparent and were of the order of about 0-1 mm. in thickness. 
Suitable pieces about 4 or 5 mms. long and about 0-5 mm. or less wide were 
cut from these, with a fine jewellers’ file, while they were still mounted on 
glass and the pieces washed thoroughly with xylene. They were then mounted 
accurately in the specimen holder of a plane X-ray camera and the patterns 
produced were photographed. As before molybdenum K, and K B radiations 





3 C. V. Raman, Proc. Ind. Acad. Sci., A, 1934, 1, 567-573. 
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were used and with an applied kilovoltage of 50 and a tube current of about 
20 milliamperes, good photographs could be obtained in about 2 hours, 
working with a 25 cycle supply and single wave rectification. 

Two cameras were used, one of which was provided with a two-circle 
goniometer for carrying the specimen, while the other had a special type of 
specimen holder with adjusting screws for aligning and centering the speci- 
men. ‘The latter camera in which the specimen could be rotated during the 
exposure was particularly suited for taking powder patterns or other patterns 
for accurate comparison with each other and measurement. The first 
camera was used for taking photographs with various settings of the speci- 
mens. Some of the photographs obtained are reproduced in the figures 
illustrating this paper. 

The portions of the ground sections which remained after cutting away 
the specimens required for X-ray examinations, were washed in xylene and 
mounted with canada balsam on microscope slides and covered with cover 
glasses. These were used for observations of the optical diffusion haloes 
which have been studied by Sir C. V. Raman‘ and also for microscopic 
examination under low power for finding out the directions of the lines of 
growth. Only specimens from sections of Haliotis which gave circular or 
nearly circular haloes were chosen for X-ray examination, thus ensuring 
that the laminations were parallel to the surface of the specimen. Thus by 
setting the specimen with its face perpendicular to the axis of the camera 
one could be sure of the X-ray beam being normal to the laminations. 


In order to adjust the specimen with its face perpendicular to the axis 
of the camera the method given by Davey,® which may perhaps be briefly 
described here was used. The principle of the method consists in passing 
light through the lead slit of the camera and so adjust the specimen that 
the light retraces its path after reflection by it. The reflection from the 
specimen can be easily observed by holding a microscope cover glass inclined 
at about 45° to the camera axis between the slit and the source of light. 
When the reflected light has maximum intensity the face of the specimen will 
be perpendicular to the axis of the camera. Once this adjustment is made 
with the goniometer circles set to zero, it is an easy matter to set the specimen 
with its laminations inclined at definite angles with the normal position. 
The directions of the lines of growth in all cases except where otherwise stated 
are vertical in the photographs obtained. 





4 Loc. cit. 
5 W. P. Davey, A Study of Crystal Structure and its Applications, McGraw Hill Book 
Company, 1934, p. 176. 
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Fine powder from the shells was obtained by cutting through with a 
fret-saw, after rubbing away the unwanted outermost layers. The powder 
was made to adhere nicely to a thin glass fibre, with a little diluted cellulose 
lacquer generally used for coating the Lindemann glass windows of X-ray 
tubes. This coated fibre was mounted in the second camera, centred and 
aligned, and rotated during the exposure. Powder photographs of calcite 
and aragonite were also obtained in the same way. ‘The position of the film 
casette was the same in all these experiments and its distance from the 
specimen (47-6 mms.) was obtained from measurements of a powder pattern 
of analytically pure sodium chloride, as usual. The specimen to film distance 
in the goniometer camera was also adjusted to approximately the same value 
as in the second camera. 

3. Discussion of Results. 

A photograph taken with the X-rays incident normally on a thin piece 
of Nautilus is given in Fig. 2. The direction of the lines of growth is vertical 
in this photograph. This is similar to ‘the corresponding photograph for 
Nautilus given in the previous paper, but was taken in the calibrated second 
camera mentioned earlier. Consequently, measurements of the distance of 
the spots from the centre and accurate comparison with powder patterns of 
aragonite, have been possible. The reflection planes corresponding to the 
spots have been found out by this means, some of which are marked in the 
photograph. 

It is known that the c axis of the aragonite crystallites is normal to the 
shell. Consequently in a photograph taken with the X-rays normal to the 
shell, reflections from the planes 001 will be absent since these planes are 
normal to the X-ray beam. ‘The X-ray beam will be parallel to planes 0k0 
and h00 and only such of these will reflect as have their glancing angles 
less than the error in orientation of the c axis. This error is of the order of 
about 15°. 

In Fig. 2, the reflections of the 112 plane lie on the horizontal on either 
side of the lines of growth. Consequently the projection of this plane normal 
to the c axis must coincide with the lines of growth. This projection is the 
same as that of the 110 plane across which aragonite twins. Hence the 
directions AB and CD in the arrangement suggested previously (Fig. 2 of 
earlier paper) are respectively parallel and perpendicular to the lines of growth. 

The pattern of Fig. 2 can also be produced by two sets of single crystal 
units lying inclined at 120° to each other, that is to say, in the positions which 
would be occupied by the two elements of a twin crystal. There is no means 
of distinguishing between this arrangement and the one suggested previously. 
The same pattern can also be produced by one set of twins only instead 
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of two sets as previously suggested. But no argument can be put forward 
as to why the twin crystals should all be pointing one way and hence the 
previously suggested arrangement is the more probable one. 

The error in orientation in the plane of the shell laminations as measured 
from the photographs is of the order of 25°. The angle between the projec- 
tions of the planes 112 and 100 on the ab plane is about 150° in aragonite. 
The angular separation of the corresponding reflections, in Fig. 1, are found 
to be 150° by measurement. 

A photograph obtained with the X-rays normal to the laminations in 
the nacreous layer of M. vulgaris is given in Fig. 1. The direction of the 
lines of growth in this pattern is vertical. From a comparison of this figure 
with that of Nautilus pompilius (Fig. 1) it can be easily seen that the latter 
is obtained by combining with the spots of the pattern of M. vulgaris, their 
images formed by a reflecting plane normal to the paper and parallel to the 
direction of the lines of growth. ‘The reflections due to 100 and 112 planes 
are marked in the figure and by following the same line of argument as adopted 
for Nautilus, one can deduce the nature of the arrangement of aragonite 
crystallites. 

An arrangement of the crystallites with their 110 planes along the lines 
of growth fits in with the nature of the pattern obtained. There is no 
twinning, since twinning would have produced a pattern symmetrical about 
the direction of the lines of growth like that of Nautilus. The optical diffu- 
sion halo of this shell consists of two spots as observed by Sir C. V. Raman.® 
But the line joining them is not perpendicular as mentioned in the author’s 
previous paper, but inclined at a smaller angle than 90°. This angle may 
be of the order of 60°. The direction of the lines of growth was not accurately 
known in the previously examined section and so it was assumed that the 
line joining the spots may be perpendicular to the lines of growth. The 
fact that the crystallites are inclined to the lines of growth as in the arrange- 
ment suggested above is corroborated by this observation. 


Patterns obtained with the X-rays normal to the laminations in speci- 
mens of the Haliotis shells consist of one complete ring and a number of 
ares (Figs. 3 to 5). At first, it was thought that the presence of the arcs 
instead of complete rings may be due to the laminations not being exactly 
parallel to the faces of the specimens. For this reason one of the specimens 
of Haliotis IV was kept in the goniometer camera and inclined from its pre- 
vious normal position through known angles, the axes of rotation for these 
settings being the vertical and the horizontal axes normal to the X-ray beam. 





6 Loc. cit. 
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The photographs obtained are given in Figs. 6 and 7, from which it is obvious 
that the previously set positions must have been the correct ones. In none 
of these settings does one get complete circles. 

The patterns in Figs. 3 to 5 can all be obtained by rotating the corres. 
ponding pattern of M. vulgaris (Fig. 1), through angles between 60° and 90° 
on either side of its original position, about an axis normal to the plane of 
the paper. Thus the arrangement of crystals in all the species of Haliotis 
is similar to that of Margaratifera vulgaris with large errors of orientation 
between 60° and 90°. There is however one difference between the two 
shells. The 110 plane in Haliotis IV is normal to the lines of growth instead 
of being parallel as in vulgaris. ‘The error in orientation is larger in the more 
opaque species than in the more transparent ones. It is nearly 90° in 
Haliotis I and III, and about 60° in IV. 

Powders of all the three species of Haliotis gave a Debye-Scherrer ring 
pattern characteristic of aragonite. The diameters of the rings agreed with 
those given by aragonite, within the limits of errors of measurement. This 
may not mean that the fundamental axes of the aragonite in the shell is 
exactly the same as that of mineral aragonite. But if there are any differ- 
ences due to distortion of the lattice, etc., they are too small for detection 
with a plane camera in which the specimen to plate distance is only 47 -6 mms, 

I have great pleasure in recording my deep appreciation of the conti- 
nued interest that Sir C. V. Raman, Kt., F.R.S., N.L., has taken in this investi- 
gation and in thanking him for the same. I am very grateful to him for 
sparing specimens from his collection of beautiful shells for this investigation. 

4. Summary. 

X-ray diffraction patterns, obtained with monochromatic X-rays, of 
some species of Haliotis shells have been studied. It is found that the patterns 
given by these shells with normally incident X-rays are somewhat different 
to what has been previously obtained with Turbo and Trochus. In the 
latter shells there is random orientation of the a and 6 axes of aragonite 
crystallites. But in Haliotis species instead of random orientation of this 
type there is preferred orientation of the a and b axes with a large error in 
orientation. The c axis is normal to the laminations as in all the other 
aragonite shells examined previously. Patterns obtained with Nautilus 
pompilius and M. vulgaris have been measured and the Bragg planes causing 
the various reflections identified. From these measurements, the type of 
orientation of twin crystals of aragonite suggested for Nautilus in the author's 
previous paper is confirmed. Also the nacreous layer of M. vulgaris is found 
to consist of single crystals of aragonite with their 110 planes parallel to the 
lines of growth, and the c axis normal to the shell surface. 
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EXPLANATION OF PLATES. 


1.—Margaratifera vulgaris, X-rays normal to shell, lines of growth vertical. 
2—Nautilus pompilius, do. do. 
3.—Haliotis I, X-rays normal to shell, lines of growth not known. 
4—Haliotis III, do. do. 

5.—Haliotis IV, X-rays normal to shell, lines of growth vertical. 

Fic. 6.—Haliotis IV, X-rays parallel to shell, lines of growth vertical. 

Fic. 7—Specimen of Fig. 5 inclined at 10° to previous position, lower end of specimen 

towards the camera. 

Fic. 8—Haliotis IV, do., lower end of specimen away from the slit 

of the camera. 

Note—In the previous paper by the author (loc. cit.), the photograph of Fig. 15 has been 
wrongly turned through 90° from the correct position. As it now stands, the lines 
of growth are therefore horizontal and not vertical as given in the explanation of 
plates on page 879 in the previous paper. 
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1. Introductory. 


THE study of the spectra of flames is of interest not only from the point of 
band-spectroscopy but also from the chemical standpoint as these throw 
light on the mechanism of combustion. In an earlier paper by the author,! 
a band-system which had previously received little attention was fully 
described: it had appeared with great intensity in the inner cone of the 
flame of ethylene, burning in air in a Smithells’ flame-separator. These 
bands were provisionally attributed to HCO mainly on three grounds :— 
(1) The separation of successive bands in their vibrational analysis 
did not show any relationship to any of the known separations in the 
spectra of C,, CH and HO which accompany the new bands in the 
ethylene flame, nor to those of CO, or of formaldehyde. (2) The 
constants in the formula representing the bands in question had 
a striking resemblance to those of the f-bands of NO. If they were 
assumed to originate in HCO, this similarity could be explained on Mecke’s 
principle of isosterism. (3) The presence and great intensity of the bands 
particularly in ethylene could be accounted for by supposing that in the 
process of combustion the O, molecule entered the ethylene molecule and 
breaking the double bond in it formed two HCO groups—a conclusion 
important from the point of view of the mechanism of combustion. This 
supposition of the direct incorporation of the O, molecule in a hydrocarbon 
molecule received additional support from a study of the spectra of other 
flames of aliphatic carbon compounds which the author had carried out in 
Professor A. Fowler’s laboratory. Full details wiil be published in due 
course but the main facts may be referred to here briefly. 

The inner cone of the flame of acetylene which has a triple bond gave 


the HCO bands though not with as great an intensity as with ethylene. 
The triple bond makes the molecule unstable and in consequence a great 





1 W. M. Vaidya, Proc. Roy. Soc., 1934, 147A, 513. 
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intensity of the HCO bands could hardly be expected. The inner cone 
of the methane flame also yielded the HCO bands, somewhat faintly : the 
four bonds of carbon are satisfied and hence the entry of the O, molecule 
in methane would be difficult and thus but few HCO groups would be formed. 
The same reasoning applies to the explanation of the spectra of the inner 
cones of methyl chloride and acetaldehyde which exhibited the HCO bands. 
These four flames also showed the C,, CH and HO bands in addition to the 
HCO bands referred to above. 


The complete absence of the HCO bands from the spectra of the flames 
of formaldehyde, formic acid and methyl alcohol was also noticed and 
appeared to be significant. The C, bands were also absent from the 
spectra of the flames of formaldehyde, formic acid and methyl alcohol ; 
the CH bands were present in the spectrum of methyl alcohol but not in 
that of formaldehyde or of formic acid. All these latter three flames 
exhibited the CO flame bands and the HO bands. 


Since the investigation of the spectra of flames of aliphatic carbon com- 
pounds had thus proved to be of great interest, it was considered desirable 
to extend spectroscopic observations to flames of the aromatic series. Such 
an investigation has now been carried out by the author in Sir C. V. Raman’s 
laboratory and the results are embodied in the present paper. 

In this connection, the spectra of the flames of (1) benzene, (2) toluene, 
(3) phenol, (4) resorcinol, (5) pyrogallol, (6) benzaldehyde, (7) benzoic acid, (8) 
aniline, (9) nitrobenzene, (10) pyridine, and (11) diphenyl oxide, were studied. 

Photographs of the spectra were taken with one of Hilger’s small quartz 
spectrographs (E31). The use of such an instrument, though of a small 
dispersion, results in a great saving of time which in the case of flames is a 
serious problem on account of the extreme faintness of their spectra and 
the difficulty of maintaining the flames for any length of time. All the 
bands occurring in their spectra are known, so that no measurements were 
necessary. Ilford’s Golden Iso-Zenith plates were used. 


2. Details of the Flame Technique. 


In the cases of benzene and toluene, the two liquids were slightly warmed 
in a distilling flask and air under small pressure was bubbled through them 
by means of an electrical blower. The vapours were ignited on the top 
of a micro-burner. With its air-hole closed the flames were smoky and 
luminous with small greenish inner cones. On opening the air-hole, they 
became non-luminous and developed well-marked inner cones. No 
attempt towards the complete separation of the cones by means of a flame- 
separator was made because in the author’s experiments with aliphatic 
A3 F 
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flames no advantage accrued by such separation as far as the spectra were 
concerned except in the case of ethylene. 

The method of bubbling air through the substance was unsuitable for 
the production of the flames of the remaining compounds because some 
of them were solids and some had to be heated to a rather high temperature 
which resulted in their condensation at the micro-burner. Phenol, resorcinol, 
pyrogallol and benzoic acid were therefore melted in a wide pyrex tube one 
end of which was sealed and the other drawn to a narrow neck. An asbestos 
wick dipping in them was sufficient to give their flames. Similarly a continu- 
ous flame was obtained by using an asbestos wick with benzaldehyde, aniline, 
nitrobenzene and pyridine all of whom had to be slightly warmed up. 
No heating was necessary for diphenyl oxide. 

The flames in all cases were extremely luminous and smoky, depositing 
a considerable amount of soot which was diminished by blowing air on the 
top part of the flames. Just at their bases, however, there were a few greenish 
spots, which when focussed on the slit of the spectroscope gave the spectra 
described below. 


4 


3. Description of the Spectra. 


The HCO bands were obtained in the spectra of all the flames studied. 
They were of boththe Aand B types. As described in the paper on ethylene, 
the B bands appeared when its flame was modified, but in the aromatic 
flames they were given without any modification of the original flames. 
A similar appearance of the B bands in the natural state of a flame was 
found in the inner cones of ether and ethyl alcohol. 

The intensity of the HCO bands, however, varies from flame to flame. 
They are fairly strong in toluene, phenol (Plate XIXb) and diphenyl oxide 
(Plate XXa) though not comparable with ethylene, and they are faint in the 
spectra of the remaining substances. 

The inner cones of all compounds had the C,, CH and HO bands. 


4. Appearance of CN and NO Bands. 


One interesting feature of the spectra of aromatic compounds was the 
occurrence of the CN bands and of the y bands of NO in the flames of aniline 
(Plate XXb), nitrobenzene and pyridine (Plate XXc). It had been previously 
noticed that they appeared in acetylene and this was explained on the 
supposition that the high temperature of the acetylene flame brought about 
the activation of atmospheric nitrogen. On the other hand, in the spectra of 
aniline, pyridine and nitrobenzene, the nitrogen forming a constituent part 
of their molecules was evidently responsible for the CN and NO bands. The 
CN bands were more intense than the NO bands and with their appearance 
the CH bands diminished in intensity. 
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5. Comparison of Aliphatic and Aromatic Flame-Spectra. 


(1) Aromatic flamies are far more smoky than aliphatics. 

(2) All aromatic flames included in the present investigation gave 
the HCO bands which appeared only in some flames of the aliphatic series. 
Moreover, the HCO bands in the aromatic substances were of both the A 
and B types—no modification of the original flames was necessary for the 
appearance of the B bands. In aliphatic flames, only ether and ethyl 
alcohol yielded the B bands while burning naturally while the flame of 
ethylene had to be modified for their appearance. 

(3) In the aliphatic compounds, there was a gradual variation 
of spectra from one substance to another. Thus formaldehyde and formic 
acid gave the HO and the CO flame bands; methyl alcohol had the 
HO and the CO flame bands and in addition those of CH. From these 
three flames, the HCO and the C, bands were absent. The HCO and 
the C, bands were however present in the spectrum of methane and also 
CH and HO, but not CO flame bands. In the aromatic flames, however, 
there is more uniformity, all flames giving the C,, CH, HO and HCO bands. 


TABLE I. 
Intensity of the Bands. 





Hco Reference 
Nature of flame C2 CH HO A andB ° to plates 





Benzene (CgH,) . . vi f . os oa XIXa 
Toluene (C,H;CH3) 

Phenol (C,H;OH) 
Resorcinol [C,H,(OH),] 
Pyrogallol [C,H;(OH)s] 
Benzaldehyde (C,H;CHO) . 
Benzoic acid (C,H;COOH) - 
Diphenyl oxide C,H,OC,H, 
Aniline (C,H;NH,) 
Nitrobenzene (C,H;NO.) .. 
Pyridine (C;H;N) 
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(4) In the CH, flame, the intensity of the C, bands was specially very 
susceptible to the oxygen supply ; in C,H, the intensity of the C, bands 
seemed independent of the quantity of oxygen mixed with it. 

For helping in the discussion of the results, the spectra of the flames 
investigated are quantitatively characterised in Table I. The figures refer 
to the eye estimates of the intensities of the various bands occurring in 


the individual flames. 
6. Discussion. 


The existence of the HCO bands in all the aromatic compounds 
investigated may reasonably be explained as due to the double bond in 
them and the decomposition of oxygenated molecules formed by the direct 
incorporation of the O, molecule in the benzene ring. The O, molecule 
must be assumed to enter the ring at one of the double bonds as in ethylene. 





CH CH 
HC CH HC » CH 
— —> HC0O+C, + ete. 
HC CH HC CH 
—4, be. 
CH H 


Important light on the combustion.of benzene is thrown by the spectrum 
of pyridine. Its spectrum includes the CN and NO bands, the intensity 
of the CN bands being greater than that of NO or CH. The breaking up of 


Ni 


~ 


CH 


> CN -- etc. 


HC CH 


H 

The NO bands may be formed by the oxidation of N in the ring or the 
subsequent reaction of CN with the atmospheric oxygen. The rupture of 
the ring at N producing CN seems a more favoured reaction than the simple 
oxidation of N forming NO because of the great intensity of the CN bands 
compared with NO. 

If it be supposed that the oxidation of benzene proceeds through the 
successive formation of hydroxyl groups, as might happen according to ‘‘the 
hydroxylation theory’”’ of combustion, spectra of C,H,, CsH,OH, C,H,(OH): 
and C,H,(OH), should differ from one another but the observed spectra show 
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that the spectrum of pyrogallol with three (OH) groups is not different from 
that of benzene with no (OH) group at all. Hence the hypothesis of successive 
formations of (OH) groups does not seem to work well in the benzene oxidation. 

A complete scheme for the combustion of benzene cannot yet be given 
because little information about the subsequent reactions between the free 
radicals like CH, HO, C,, CN, NO, etc., is available. 

In conclusion the author wishes to express his sincere thanks to 
Sir C. V. Raman for his kind permission to work in his laboratory. The 
author is also grateful to him for the grant of a scholarship. 

7. Summary. 

The author’s previous investigation of the spectrum of the flame of 
ethylene burning in a Smithells’ flame-separator proved to be of great 
interest beeause it led to the appearance with great intensity of a band 
system which had hitherto received little attention. ‘There were reasons 
to believe that it was due to HCO. One of the arguments in favour of HCO 
as the emitter of this band system was that the O, molecule might be 
supposed to be directly incorporated in the ethylene molecule and breaking 
the double bond formed two HCO groups, thus accounting for the great 
intensity of the HCO bands particularly in ethylene. This hypothesis of 
the direct incorporation of the O, molecule received additional support from 
the study of the spectra of other aliphatic carbon compounds. 

A similar investigation of the aromatic flames was undertaken and the 
tesults of a study of the spectra of eleven flames are given in the paper. 

The bands attributed to HCO were also found to occur in the spectra 
of the flames of benzene and other aromatic compounds. ‘Their appearance 
in the aromatic flames has been explained as due to the double bond of the 
benzene ring and the breaking up of oxygenated molecules formed by the 
direct incorporation of the O, molecule. 

The spectra of aliphatic and aromatic flames are compared. There is a 
gradual variation in the spectra of the flames of aliphatic series, while 
there is more uniformity in the spectra of benzene and its related compounds, 

Considerable light on the mechanism of combustion of benzene is thrown 
by the spectra for pyridine, aniline and nitrobenzene in which flames the 
CN bands and the y bands of NO appeared. The rupture of the ring seems 
to take place at the N atom. 

A tentative scheme for the combustion of benzene is given ; it is however 
incomplete for want of knowledge of subsequent reactions between free 
tadicals like CH, O,, CN, NO, etc. But the hypothesis of the direct incorpora- 
tion of the O, molecule explains the spectroscopic observations better 
than that of successive formation of hydroxyl groups. 
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1. Introduction. 
THE determination of the condition of the colloid particle and especially 
its size, shape and structure is one of the most important problems in the 
physics of the colloidal state. The study of the Tyndall effect is obviously 
one of the most fruitful methods that can be employed to resolve this problem. 
In an earlier paper by the author,! the depolarisation of the Tyndall scatter- 
ing in a number of typical colloids was reported on and the importance was 
emphasised of measuring the three values, namely, p,, p, and p, of the 
depolarisation of the transversely scattered light referring respectively to the 
cases in which (a) the incident light is unpolarised, (b) it is polarised with 
its electric vector perpendicular to the direction of observation, (c) parallel 
to the direction of observation. The values of the three quantities, both 
absolutely and relating to each other, are very significant as indicators of the 
size, the shape and the structure of the particles. The value of p, by itself 
is an indicator of the anisotropy of shape or structure of the particles, 
while the value of p, is specially sensitive to the size of the particles. R. S. 
Krishnan* has shown by an application of the theorem of reciprocity that 
the three quantities p are connected by the relation 
1+1/pu 

Po = 1+ 1/py 

which takes the special form 
2 py 

Pu = ta ee ee ee ee 
in the special case when the particles are exceedingly small, p, then becoming 
unity. It appeared of importance to investigate the relative values of 
Pu Py and py in the classical case of gold sols, the study of which, as 
is well known, played an important part in the history of the development of 
colloid science. 


(A) 


(B) 


1 D. S. Subbaramaiya, Proc. Ind. Acad. Sci., A, 1935, 1, 710. 
2R. S. 


Krishnan, Proc. Ind. Acad. Sci., A, 1935, 1, 783. 
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2. Previous Work on Gold Sols. 


Among the various investigators that have made a study of the pheno- 
mena exhibited by gold sols, mention must be made of Mie,’ Steubing, 
Lange,® Diesselhorst and Fruendlich® and Bjornstéihl.? Mie has developed 
formule for the absorption and the scattering of light in colloids, assuming 
that the particles are spherical in shape. Steubing has shown experimentally 
that in gold sols, the transversely scattered light is not completely polarised, 
even when the incident light is plane polarised. From considerations based 
on Steubing’s experimental results and his own theoretical calculations, 
Mie concludes that the particles in gold sols are not strictly spherical in shape 
though the other optical properties of these sols, such as the absorption of light, 
can be satisfactorily explained on the supposition that they are spherical. 
Subsequently, Lange has made detailed investigations of the absorption and 
the scattering of light in gold sols. The large depolarisations of the light 
scattered transversely by the sols indicate that the particles are in the 
form of rods or discs while the absorption measurements are strictly in 
accordance with Mie’s theory indicating that the particles are spherical in 
shape. To solve this contradiction, Lange postulates that a large fraction 
of the particles in the sols are spherical in shape and these manifest them- 
selves in absorption measurements and a small fraction of the particles are 
rods or discs and these cause the observed partial polarisation of the Tyndall 
light. 


Diesselh6rst and Fruendlich have considered the effects of the flow of 
colloids on the light absorption and the Tyndall scattering in them. Accord- 
ing to them, colloids containing non-spherical particles bring about changes 
in these phenomena during their flow, but those containing spherical particles 
do not. The experiments showed that the particles in gold sols could be 
treated as spherical. 

Bjornstahl has made a study of the accidental double refraction in 
colloids. Gold colloids made by using nuclear sols and hydrogen peroxide 
as the reducing agent showed magnetic, electric and streaming double refrac- 
tion. Those prepared by various other methods did not show any effect. 
A sample of gold colloid, made by using ferrous sulphate as the reducing 
agent, showed negative double refraction in a magnetic field. While this 





3G. Mie, Ann. der Phys., 1908, 25, 377. 
4 Steubing, Ann. der Phys., 1908, 26, 329. 
5 Lange, Zeit. f. Phys. Chem., 1928, 132, 27. 
Diesselhorst and Fruendlich, Phys. Zeit., 1916, 17, 117. 
7 Bjornstahl, Jnaugural Dissertation, Uppsala, 1924, 
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last result may be regarded as being due to the presence of small traces 
of iron, it is difficult to understand why the sols made by using hydrogen 
peroxide as the reducing agent should show accidental double refraction, 
The results are surprising and the subject demands careful investigation. 








In view of all this it was thought necessary to undertake a study of the 
optical and the magnetic properties of colloids in order to find out their true 
physical nature. A fresh investigation of the depolarisation of the Tyndall 
scattering in gold sols, in the light of the new methods already indicated, 
has been made. While Lange has confined his attention to the measurements 
of py alone, the measurements of p, and py, have also been made, 
That the value of p, depends on wave-length has been shown experimentally 
by Lange. ‘The measurements reported in this paper have all been carried 
out with incident white light. The dependence of py, py and py on wave- 
length is being investigated and the results obtained will be published in 
a separate communication. 























3. Preparation of Gold Sols. 


In order to obtain clear, good and stable sols, the necessary precautions 
were taken. All the vessels used were of resistance glass and they were 
first cleaned thoroughly with hot chromic acid and then well steamed. The 
necessary reagents and other solutions were prepared using double distilled 
water. Six different sols were made. Two were prepared according to 
the method employed by Faraday (Iand II). Three were prepared according 
to the nuclear method, using hydrogen peroxide as the reducing agent. This 
was the method employed by Bjornstahl for the preparation of his sols which 
showed accidental double-refraction. The nuclear sol used in all these 
cases was Faraday’s sol I. Another sol was made by the method given by 
Zsigmondy (VI). All these sols are preserved in resistance glass bottles, 
thoroughly cleaned and well steamed. 

I, The method of Faraday for the production of colloidal gold consists 
in the use of a solution of phosphorus in an organic liquid as the reducing 
agent. A sol was made by adding 2-5 c.c. of a -6% chlorauric acid and 
3 c.c. of -18 N potassium carbonate to 120 c.c. of pure double-distilled water 
followed by the addition of 1 c.c. of a pure ether solution of phosphorus 
prepared by diluting the saturated solution with five times its volume of ether. 
In the cold the mixture changed to a brown colour, which gradually became 
red, the reaction being complete in about 60 hours. 

II. Another sample of a gold colloid was made exactly on the same 
lines as I, but the reaction being rendered almost instantaneous by boiling 
the mixture. A clear red sol resulted. 
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III, 2 c.c. of a -6% chlorauric acid were added to 100c.c. of pure 
double-distilled water. 4 c.c. of the nuclear sol were added followed by the 
addition of a few drops of a very dilute solution of hydrogen peroxide. 
A clear red sol formed immediately. 

IV. Another sample was made using the same method as that in III 
except that the mixture was kept boiling while the reducing agent was added. 
This was also a clear red sol. 

V. Yet another sample was made. In this case the mixture was kept 
boiling and 6 c.c. of -18 N potassium carbonate solution were added and then 
the reducing agent. The sol obtained was clear and deep-red in colour. 

VI. A blue sol was obtained as a result of employing a method of 
preparation suggested by Zsigmondy. 2 c.c. of -6% chlorauric acid were added 
to 100 c.c. of pure double-distilled water followed by 6 c.c, of -18 N potassium 
carbonate solution. ‘The mixture was then heated to boiling and 4 c.c. of the 
nuclear sol were added followed by 5c.c. of a -03% solution of formaldehyde 
drop by drop. The sol which resulted was boiled and it turned blue. 


4. Experimental Results. 


The experiments were made within a dark cabin into which sunlight 
was reflected by a single mirror Foucault Heliostat. A Dallmeyer photo- 
graphic lens of adjustable aperture and focal length 1 foot fixed to the wall 
of the cabin served to bring the sunlight to a focus, at the centre of a rect- 
angular glass cell containing water in which was immersed the bottle contain- 
ing the sol. The rectangular glass cell itself was placed in a wooden box 
painted dull-black on the inside, having three openings, two for the entry and 
exit of the incident beam of light and the third for the observation of the 
scattered light exactly opposite the focus of the track in the disperse system. 
The wooden-box was mounted on a stand capable of being raised or lowered. 
The incident beam could be polarised in any plane by means of a nicol suitably 
mounted. The following measurements (expressed as percentages) were made: 














Red Sols Blue Sol 
I II III IV ¥ VI 
Pv os 7:7 17-2 | 10-5 | 10-6 9-4 9-9 
Pu .-| 100 100 96-5 | 84 96 +5 54-8 
Pv (observed) ab , 14-5 29-5 | 19-8 | 21-7 | 16-9 23 -3 
py Calculated from formula A| 14-3 29-2 | 19-4} 21 17-5 25-5 
py calculated from formula B} 14-3 29-2 | 19-1 | 19 17-2 19-2 
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From the table we observe that in the blue sol, the value of p, is 
relatively small. Thus in this case, we are able to infer from depolarisation 
measurements alone, that we are dealing with particles which are relatively 
large. Amongst the red sols we find that p, has its maximum value unity 
in the case of I and II and differs from it to a small or large extent in the 
case of III, IVand V. Also it was observed that the intensities of scattering 
in I and II were far smaller as compared with those in III, IV and V. These 
indicate that the particles in I and II are much smaller in size than those in 
III, IV or V. Out of the last three, the value of p, in IV deviates more from 
unity than that in III or V, indicating that the gold particles in IV are rela- 
tively much larger in size as compared with those in III or V. 


In order to confirm the conclusions drawn from the depolarisation values, 
observations were made by the “method of two double-image prisms’’.’ 
In this case we observe four images, V,, V,, H,, H,. In the case of the 
red sol IV and the blue sol VI, H, was definitely stronger than H, (=V,). 
In the case of I, II, III and V, it was found that H,=Hy=V,. The 
small differences between the values of py as calculated from A and B and 
observed, in the case of III and V, may be due to the unavoidable errors 
introduced by the glass bottles and the like. In the case of the blue sol the 
vertical component of the scattered light had a reddish tinge and the hori- 
zontal component had an yellowish tinge. This rendered the matching of 
the intensities of the two tracks very difficult. 

The large values of py in all cases indicate that we are dealing with 
particles whose shapes depart greatly from the condition of sphericity. That 
an increase in the rate of growth brought about by temperature results 
in an increase in the anisotropy is shown strikingly by the values of p, 
in I and II. By increasing the rate of growth the particles are also made 
larger as is shown by the values for III and IV. A comparison of III, IV 
and V indicates that the effect of potassium carbonate is to diminish the 
anisotropy and prevent the formation of very large particles. 

In conclusion, it is my pleasant duty to express my heart-felt thanks 
to my professor, Sir C. V. Raman, for his kind encouragement and inspiring 
guidance. 

Summary. 

Previous work on gold sols with reference to the shape of the particle 
has been briefly recounted. Results of the measurements of the depolarisation 
of Tyndall scattering corresponding to the incident light being (a) unpolarised, 
(b) plane polarised with its electric vector perpendicular to the plane of 





8 R. S. Krishnan, Loc, cit, 
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observation, (c) plane polarised with its electric vector parallel to the plane 
of observation, have been reported. The values obtained and the observa- 
tions made indicate that the particles in Faraday’s sols are much smaller 
as compared with those in the other red sols prepared by using nuclear sols 
and hydrogen peroxide as the reducing agent; those in the blue sols are 
relatively the largest. In all the sols examined the shapes of the particles 
are far from being spherical. In general the size and the anisotropy of the 
particles appear to increase with the increase in the rate of growth brought 
about by enhancing the temperature during the preparation of the sol. The 
addition of potassium carbonate to the mixture before reduction seems to 
have the reverse effect. 
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THE chemistry of fluorine and boron compounds are of considerable interest 
from the valency and structural points of view. It was therefore desired 
to study the electrical and optical properties of some of these compounds 
available in the pure gaseous state. On a request made through Prof. Sir 
C. V. Raman, pure specimens of carbon tetrafluoride, fluoroform, nitrogen 
trifluoride and a new compound of carbon and fluorine with nitrogen (CF;N),, 
were kindly presented by Professor Dr. Otto Ruff, who has worked extensively 
on the chemistry of fluorine compounds. On a similar request, pure speci- 
mens of diborane and nitrogenous boron hydride were kindly presented by 
Professor Dr. Alfred Stock, who has specialised in the field of boron and 
silicon chemistry. 

The apparatus, method of measurement, and procedure adopted were 
the same as described in the earlier papers published in collaboration with 
Professor H. E. Watson.! Simultaneous measurements of refractive indices 
and dispersions were made on the same specimens of gases and the results 
obtained will be given in a separate communication. 

Among the gases mentioned, nitrogen trifluoride, fluoroform and the 
new compound (CF;N), have finite electric moments. When the investiga- 
tions on nitrogenous boron hydride B,;N;H, were taken up (after an unfortu- 
nate delay), it was found that a considerable fraction of it had crystallised 
out and thus the quantity actually available for the measurements was 
rather small. However as careful measurements as possible were carried 
out with the quantity available, The results given for this compound 
require further confirmation. 





1 H. E. ‘Watson, G. Gundu Rao and K, L. Ramaswamy, Proc. Roy. Soc., A, 1931, 
132, 569; ibid., 1934, 143, 558. 
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As a check on the calibrations of the condensers, measurements of di- 
electric coefficients at different temperatures were carried out with freshly 
prepared pure carbon dioxide. The results are given in Table I. 


TABLE I. 
Dielectric coefficients of carbon dioxide at 760 mm. and 25°. 




















| Tempera- om’ No. of = 
No. | —. an, p mean fron tasnieand | E—lp=0 Remarks 
she { | 
| 22-9 | 637-6 | 430 5 910-0 904 -8 
2 si 637-2 | 4, », | 906-7 | 901-5 | Refractionated. 
| 


3 23-0 | 613-7 | 410 | ,, | 906-5 | 901-6 
4 ‘s 613-5 | 4, | 4, | 906-1 | 901-2 
5 95-2 | 661-8 | 436 | 6 | 902-5 | 900-8 


6 | 95-4 oad » | 7 | 902-9 | 901-2 
| 








7 | —79-8| 503-5 | 352 | 5 | 921-6 | 901-1 

~*~ 252-0 | 480 | 6 | 929-1 | 901-0 

oi «» 251-7 | 226 | ,, | 912-4 | 899-4 

oa 503-7 | 352 | ,, | 921-7 | 901-2 |No incondensible 
fraction. 

9 * 503-9 | ,, | 5 | 921-7 | 901-2 














| | 

The mean values at 25°, 95° and 80° are respectively 901-4, 901-0 and 
901-0. The slightly higher value at 25° is within the limits of experimental 
error. It may be mentioned that this value 901-0 agrees exactly with the 
figure given in an earlier communication.? 

Preparation of Materials. 

All the gases were purified by careful fractional distillation at low 
pressures and the purity of the different fractions was followed by comparing 
their refractive indices for white light. Identity of refractive index was 
taken as the criterion of purity. 





Carbon tetrafluoride was condensed in a bulb at liquid air temperature 
and one to two bubbles of incondensible fraction were removed. ‘The 
gas was then evaporated and cooled in quick succession and any traces of 





2 H. E. Watson, G. Gundu Rao and K. L. Ramaswamy, Proc. Roy. Soc., 1934, 143, 558. 
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dissolved incondensible impurity present was simultaneously pumped off, 
It was then collected at a constant vapour pressure of 50 mm. into four 
separate fractions over mercury. The refractive index for white light of 
the first and the fourth fractions differed by 1 part in 1530. These frac. 
tions were therefore mixed and refractionated and the intermediate 
fraction was used in the measurements. 


Nitrogen trifluoride.—-No trace of any fraction incondensible in liquid 
air was present. The gas was refractionated at a constant vapour pressure 
of 18mm. The difference in refractive indices of the first and the fourth 
fractions was indistinguishable, indicating a high order of purity. 


Fluoroform.—A trace of incondensible fraction at liquid air teraperature 
was first removed. It was then collected at a constant vapour pressure of 
50 mm. into five different fractions. A condensible impurity, which when 
warmed to room temperature amounted to about 1 c.c., was rejected. The 
refractive indices of the first and the fourth fractions were identical. 

Nitrogenous fluorine compound of carbon (CF,N),.—A trace of inconden- 
sible fraction at liquid air temperature was first removed and the gas then 
fractionated at a steady vapour pressure of 40mm. A residue, which when 
warmed to room temperature measured about 4 c.c., was rejected. The 
refractive index of fractions 1 and 3 differed by 3 parts in 1780. The gas 
was therefore refractionated and the intermediate fractions were mixed 
and used in the measurements. 

Diborane B,H,.—When condensed in liquid air, it-was found that the 
gas had decomposed considerably. About 25c.c. of incondensible fraction 
in a total volume of 100 c.c. of the original pure gas, was removed. It was 
then fractionated at 70mm. steady vapour pressure. A condensible im- 
purity, which when warmed to room temperature measured about 1-5 c.c., 
was removed separately. The difference in refractive index of the second 
and fourth fractions was negligible. The fractions 2, 3 and 4 were mixed, 
refractionated at low pressures and were used for the measurements. 

Nitrogenous boron hydride B,N,H,.—This compound is a liquid at ordi- 
nary temperatures and boils at 53° according to A. Stock.? The available 
quantity was condensed at solid carbon dioxide temperature. About 50 c.c. 
of incondensible gas was removed. ‘The residue was then vapourised and 
the measurements taken. 

Results. 

The values of dielectric coefficients are given in Table II. The pressures 

are given to the nearest figure in the first decimal place though actually 





3 A. Stock, Hydrides of Boron and Silicon, 1933. 
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read correct to 0-05 mm. and the temperatures are given correct to 
0°-1C. Column (1) gives the serial number of the experiment, (2) the 


actual temperature in degrees centigrade, 


(3) the range of pressure in 


millimeters, (4) the mean pressure in each experiment, (5) the number of 
individual readings in each measurement, (6) the value of E—1 at 25° 


6a 


6b 


“I 


10a 
10b 
11 


13 


TABLE II. 


Dielectric coefficients reduced to 760 mm. and 25° C, 


























No.of ‘ 
Temp. 1—b2 | pmean|read-| E-1 E—lp=0 Remarks 
c. mm. ings | 
Carbon tetrafluoride. 
27-1 | 689-5 | 468 | 5 1199 1189 | Noincondensible 
fraction. 
343-5 | 641 | 4 1196 1183 
- ya 295 | 5, 1204 1198 
- 687-0 | 467 | ,, 1198 1188 
27-2 | 684-7 | 465 | 5 1198 1188 
95-2 | 698-1 | 466 | ,, 1200 1197 | A little incondensible 
fraction removed. 
. 345-5 | 645 | 4 1203 1198 
“ 353-4 | 293 | ,, 1199 1197 
" 698-9 | 466 | ,, | 1201 | 1198 
vs 698 -7 i 5 1198 1195 
—79-8 | 661-3 475 4 1217 1191 
" 337-6 | 639 | 5 1228 1193 
- 324-1 | 306 | ,, 1210 1193 
- 661-7 | 474 | ,, 1219 1193 
661-6 | 475 | 6 1219 1193 
26-4 | 656-7 | 444 | 5 1201 1191 
1193 
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TABLE II—(contd.) 





13 
14 
15 
16 
17 











660 -6 


321: 


338 + 


660 -¢ 


660 - 


706 +4 


360- 


345 +f 


1 


-0 





No. of 
? mean | read- E-1 E—1p=0 
| ings. | 


Remarks 





Nitrogen trifluoride. 


1218 
1217 
1220 


1218 














No incondensible 
fraction. 


Refractionated twice. 





and 760 mm. pressure calculated on the assumption that the gas is ideal, 


(7) the values corrected for compressibility. 


In the last column is mentioned 


any treatment given to the gas during the course of measurements. E-—1 
in the table stands for E—12%,™™ «108, 
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TABLE II—(conid.) 








b1—b2 


mm. 








146 





No. of 


p mean | read- E-1 | E—Ilp=0 


ings. 


Remarks 





Fluoroform. 


7478 
7480 
6291 
6289 
6281 
11065 
110865 
11244 
110765 
110565 
7397 
7400 
7559 
7549 
6269 
6269 
11095 
11065 
11065 
11095 


11016 





11055 
7496 
7507 














More gas introduced. 


No incondensible frac- 
tion. 


No incondensible frac- 
tion. 


Refractionated. Dis- 
persion repeated. 
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TABLE II—(contd.) 








Tem or |No. of| | | es 
No. i 1 3 ? mean | read- E-1 | E—1p=o | Remarks 
Bs mm. | Piss | ; 
| ings. | 





Nitrogenous fluorine compound of carbon (CF,N )s. 











1 27-6 | 599-6 | 405 | 5 | 3203 3145 3 
2 27-7 | 597-9 | 404 | » | 3203 3145 | 
3 —32-9 | 370-7 249 7 3365 8288 | Refractionated. | 
4a . 183-0 | 345 | 5 | 3368 3263 | 
4b 3 188-2 | 158 | 6 | 3316 3267 | 
5 - 371-2 | 250 | 5 | 3344 3267 | 
6 = 372-5 _ » | 38847 3270 , 
7 28-7 | 416-5 | 274 | ,, | 3182 3143 , 
8a ' 206-4 | 380 | ,, | 3187 3133 ‘ 
8b m 209-7 | 170 | ,, | 3167 3143 
9 ‘ 416-1 | 273 | ,, | 3178 3139 
10 95-2] 493-5 | 293 | 6 | 3062 | 3088 
lla * 227-3 | 407 | 5 3065 3045 
11b ig 225-9 | 179 | ,, | 3054 3045 
12 ee 453-2 | 292 | » | 38061 3047 
13 ‘ 453-1 » |» | 8056 3042 
Boron Hydride (B,H,). 
1 23-9 | 535-5 | 355 | 5 | 1785 | 1770 
2a - 267-3 | 491 | ,, | 1791 1770 
2b i 268-1 | 221 | ,, | 1782 1773 
3 " 535-4 | 355 | ,, | 1787 | 1772 
1770 
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TABLE II—(contd.) 











T ] ods No. of| 
ae | ae pee et nis 











Boron Hydride (B,H,).—(contd.) 


5 | —79-8 | 431-8 299 6 1819 1776 


6a} 5y 213-3 | 409 | ,, | 18383 | 1774 
a 218-4 | 192 | ,, | 1808 | 1780 
1 i 431-7 | 299 | ,, | 1820 | 1777 
8 ‘ 431-8 | , | & | 2016 | 1778 


9 24-4 | 530-6 | 351 | ,, 1799 1784 | Trace of incondensible 
fraction removed. 


10 a 580-3 | .. | » | 270% | 2782 
lla 95-2 | 573-6 | 374 | ,, 1756 1751 | Decomposing. 
1ib| 96-4| 575-7 | 375 | ,, | 1757 | 1752 
1le 577-3 | 376 | 4, 1764 1759 























Nitrogenous boron hydride (tentative). 








1 24-1 25 -4 16 6 2970 2920 

2 ‘i a - 5 2964 2914 

3 95+2 31-7 20 6 2689 2671 

4 . 32:0 | , | 4] 2788 | 2714 

5 ” 32 -2 ~ 5 2726 2707 

6 25 -2 21-3 BT ws 2998 2957 A little incondensible 
fraction removed next 
day. 

7 ts ™ ” ™ 3027 2986 























In Table III, the actual values of the compressibility corrections adopted 
in the calculations of E—1,_» are given as percentage corrections for a 
mean pressure of 380 mm. or for a change of pressure from 0 to 1 
atmosphere. 
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TABLE III: 


Percentage compressibility corrections. 





| —80° —-33° 





CF, 
CHF, 
NF, 

(CF,N), .- “ : -60 
BH 





0-30 


6 





B,N,H 40-0 13-0 





6 








The values at 25° have been obtained directly from refractometric 
measurements. Those at —33° and —80° have been calculated either from 
the study of the change of dielectric coefficient with pressure or have been 
estimated from corresponding values of other gases. The values at 95°, 
being usually very small, have been assumed to be approximately one-third 
of that at the ordinary temperature. 


Before giving the actual values of polarisations and moments, it is 
desirable to give a brief account regarding individual measurements. 

The values of carbon tetrafiuoride at —80° and the later values at 25° 
agree. The slightly higher values at the steam temperature are not very 
significant and are within the limits of experimental error. The gas can 
therefore be regarded as having no electric moment. 


Nitrogen trifluoride gave very steady and consistent values at all the 
temperatures at which the measurements were made. Repeated fractiona- 
tions during the course of the series of experiments did not indicate any 
change in the values of dielectric coefficients. It may be mentioned that 
the present values are appreciably lower than those reported in an earlier 
paper.‘ It is intended to measure the density of the gas accurately and 
recompare the results. 

Measurements on fluoroform could not be carried out at higher pressures 
owing to its high dielectric constant. The results however are sufficiently 
concordant to give an accurate measure of the electric moment. 





* H. E. Watson, G. P. Kane and K. L. Ramaswamy, “Dielectric Coefficients of Gases”; 
Part IV (Paper under publication). 
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The nitrogen-carbon-fluorine compound (CF;N), gave consistent values 
and has a measurable moment. 

The initial values at the room temperature for diborane were a little 
lower than those measured later and this is probably due to a slow decomposi- 
tion of the gas and further fractionation done. The values at the low tempe- 
rature were steady and concordant and agreed with the values at the room 
temperature thus indicating a zero moment for the gas. At steam tempera- 
ture the readings were rather unsteady and showed sigus of decomposition 
and the results at this temperature, therefore, are not reliable. 

Measurements with nitrogenous boron hydride B,N;H, were done at 
rather low pressures. Too much reliance cannot be placed on the values 
at the steam temperature since the vapour indicated a tendency to decom- 
pose. When the readings at the steam temperature were finished, the 
vapour was allowed to remain in the apparatus overnight, when it was found 
that the vapour which originally condensed very readily at solid carbon 
dioxide temperature contained a considerable amount of an incondensible 
fraction, probably hydrogen. If it be assumed that hydrogen is evolved as a 
result of heating to 95° C., the low values at the higher temperature are to 
be expected. Otherwise the existence of a moment for the gas is indicated. 


In Table IV are given the mean values of E—1,-, and the values 
of molar polarisations calculated from the equation P= at the 
TABLE IV. 

Mean values of E—1,=, and polarisations. 





—33° C. | 25° C. 





P E-—1 





1192 








(CEN), 
BH, 


BN,H, 


ues 


* Not reliable. 
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temperatures mentioned. Since the figures for E—1,- 9 represent the 
values corrected for deviations from Boyle’s law and * is the molecular 


volume and E.+2 for most gases is not far from 3, the polarisations are ob- 
tained by multiplying E—1,- » by the factor -008155. Wherever E becomes 
quite appreciable, the necessary correction in E-+2 has been made. 

In the case of fluoroform for which the different values at the room 
temperature have been carried out at slightly varying temperatures, the 
polarisation at 25° has been obtained by interpolation. 


Electric Moments. 

The values of A and B in Debye’s equation P=A-+-B/T calculated from 
the data in Table IV, and of the electric moment p obtained from the ex- 
pression B=42N p?/9k are given in Table V. Substituting the values of 
Avogadro’s number, 6-06 x 105, and Boltzmann’s constant k, 1-372 x107*, 
the expression becomes p x10!®=0-01272 vB. 


TABLE V. 
Values of A, B and up. 
| Temp. range 
in °C. A 
(Absolute) 








298—368 . 219 


a 
va} 


298—193 , 303 22 


Mean . 261 21 
298—368 . 15400 58 
298—193 . 15630 -59 
Mean -86 15515 -59 
301—368 +16 1337 47 


301—240 -54 1223 44 


ocUC<C“meW'i(‘i<tCcsmerelCcr*tTDmCr RDmMCUMrhlC OhlC OO]WDCO} 


Mean -35 1280 46 





BNH, ..| 298—368 (14 -36) (2802) 


3 3" 6 


— 
Oo 


67)f 














Tt Tentative. 
The small differences in the values of moments between two ranges of 


temperature are probably due to slight errors in the measured or assumed 
values of compressibilities and cannot therefore be taken as proving the 
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inapplicability of the Debye’s equation. The mean values have been taken 
as the most probable in discussing the structures of these molecules. 


Discussion. 


Nitrogen trifluoride.—The small moment observed for this gas can be 
explained on the basis of the electronegativity scale as given by Malone 
and I'erguson.5 According to these authors, taking hydrogen as standard 
(H=0), the values given for N and F are 1-04 and 1-72. These values 
indicate that the moment of nitrogen trifluoride will be far less than that 
of ammonia. This view is in agreement with the high value of the moment 
of 1-49 observed by Watson® for ammonia. 


On comparing the analogous compounds of arsenic (electronega- 
tivity =0-10)5, arsenic trifluoride should have a larger value for the electric 
moment than arsine. Actually, the observed moment for arsine® and arsenic 
trifluoride’ are 0-15 and 2-65 respectively. 


From these considerations, one can say that the value of the moment 
for nitrogen trichloride should be nearly zero, since the electronegativity 
of chlorine’ atom is not appreciably different from that of nitrogen, the 
values being 1-03 and 1-04 respectively. No measurements have so far 
been made to verify this result. 


On account of the high electronegative value for fluorine, the three 
fluorine atoms in nitrogen trifluoride will repel each other considerably, 


N 
increasing thereby the f »* valency angle to nearly 120°. The exact 


value of N—I* link moment being undetermined, the actual valency angle 
in nitrogen trifluoride cannot be calculated at present. 


Fluoroform.—The observed moment of fluoroform is appreciably larger 
than that for chloroform (u1=0-95), measured by Sanger’ in the gaseous 
state. 


As has been assumed with chlorobenzene, the moment of fluorobenzene 
(u=1-43) also, can be regarded as giving an estimate of C—F bond moment. 
This value agrees with C—F moment calculated from the value of the mo- 
ment 1-81 for methyl fluoride*, assuming as usual that C—H moment is 0-4. 
Substituting the value of C—H moment in the observed value for fluoroform, 
the moment of CF; group comes out as 1-6—0-4=:1-2. Ifthe C—F moment 





M. G. Malone and A. L. Ferguson, Jour. Chem. Phys., 1934, 2, 99. 
H. E. Watson, Proc. Roy. Soc., A, 1927, 117, 43. 

R. = anger, Physik. Z., 1926, 27, 556. 

C. P. Smyth and K. B. McAlpine, J..Chem. Physics, 1, 190. 





376 K. L. Ramaswamy 


were 1-4 and the tetrahedral angle prevailed in CF, radicle, the group mo- 
ment should be 1-4. The smaller value of CF; group estimated from actual 
observed moment for fluoroform, would indicate, therefore, that the valency 
angles are more than tetrahedral. A similar spreading of valencies has 
already been observed in the case of chloroform by Bewilogua.® 

New compound of carbon, nitrogen and fluorine (CF,N),.—Prof. Dr, 
Otto Ruff in a private communication, suggests four alternative structures for 
this compound as represented below : 

(1) F,;C-N=N-—CF; (3) F,C—NF 


(2) F;C—N=CF-—NF, _ ae. 
(4) F,C—NF 
ne dep 

Of these (1) and (2) can exhibit cis and trans isomerism since the angle 
between a single bond and a double bond is usually 125°. Thus six structures 
are possible for this compound. 

Of these six structures, tranform of (1) and form (3) will have zero 
moment. ‘The calculation of moments for structures (2) and (4) are difficult 
since the link moments of N=C and N—F are not known with certainty 
but they indicate the possibility of the existence of a high moment. Approxi- 
mate calculations however indicate that the cis form of (1) would give a 
moment of the order observed ; the simplicity of this structure would also 
support stich an assignment. 

For a definite understanding of the structure further physical data are 
necessary. It is intended to do the Raman effect which may throw some 
light on the subject. 

Nitrogenous boron hydride (BsN3H,).—Stock® and co-workers from con- 
siderations of stability, addition reactions and other physical data such as 
density, electron diffraction,? have come to the conclusion that the most 
probable structure for the compound is that of a plane hexagon with alter- 
nate boron and nitrogen atoms, the six hydrogen atoms being attached to 
the six atoms as in benzene. It is shown diagrammatically in the figure. 
On account of the uncertainty in the values 

B- at the steam temperature, the significance of the 
ee n+tH observed moment cannot be emphasised. If the 
ww Je H weer nengearyg to be correct, it cannot r 
A plained by such a plane symmetrical struc 
H ture. 


H 





9 Bewilogua, Physik. Z., 1931, 32, 265. 
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The refractive index and the dispersion have been done for the vapour 
and the results will be given in a separate paper. The calculated refractivity 
for infinite wave-length comes to 20-1. Adding fifteen to twenty per cent. 
(the contribution of atom polarisation for fluorine and boron compounds 
as will be explained in a later paper) to the electron polarisation, the 
displacement polarisation is almost equal to the total polarisation thus indi- 
cating a zero moment for the compound. 


In view of these facts the results are given as tentative and require 
further confirmation. 

Boron hydride.—The absence of an electric moment for the diborane 
can only indicate that the molecule has a symmetrical structure with possibly 
a co-valent linkage between the two boron atoms. The question of exact 
configuration cannot be settled without other experimental data. 


Summary. 

1. The dielectric coefficients of CF,, NF;, CHF;, (CF;N),, B,H, and 
B,N,H, (in the vapour state) have been measured at different temperatures 
to obtain the values of their electric moments. ‘These values are 0, 0-21, 
1-59, 0-46, 0 and 0-67 x 10718 respectively. 

2. Accurate measurements of compressibilities at the ordinary tempe- 
rature by refractometric studies and approximate values at low temperatures 
by studying variations of dielectric coefficients, have been made. 


3. The significance of the moments has been briefly discussed. 


In conclusion I wish to express my deep indebtedness to Prof. Dr. Otto 
Ruff, Breslau, for the gift of the fluorine compounds and to Prof. Dr. Alfred 
Stock, Karlsruhe, for the gift of the boron compounds. My grateful thanks 
are due to Prof. Sir C. V. Raman, Kt., F.R.S., N.L., for his kind encouragement 
and keen interest in the work. 


My thanks are also due to Dr. M. A. Govinda Rau for his help in the 
discussion of the structure of some of the compounds. 
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ACCORDING to Pasteur’s principle of molecular dissymmetry, enantiomor- 
phous molecular configurations must possess the same total energy. They 
must show similar mechanical stability, and, therefore, have an equal chance 
of being produced. They must also possess the same scalar properties, such 
as density, viscosity, crystal lustre, solubility, refraction, dispersion and 
Raman frequencies. But they must differ in those physical properties, 
which are of the directional (vectorial) nature, such as, for example, direction 
of rotation of the plane of polarisation of polarised light, unsymmetrical 
distribution of the hemihedral facets in their crystal forms, and also in the 
enantiomorphous distribution of pyro- and piezo-electrical polarity. The 
magnitude of these vectorial properties is, however, identical for the enantio- 
morphous forms. These results follow from classical mechanics. On the 
other hand, according to wave-mechanics,? the dextro- and levo-forms of a 
compound differ in energy and in rotatory power, although perhaps only to 
a very slight extent. The two views thus lead to different results. In 
support of the view derived from wave-mechanics, slight but distinct differ- 
ences are alleged to exist in the rotatory power and other physical properties 
of the dextro- and levo-forms of mandelic and camphoric acids. But 
Pasteur’s Law of Molecular Dissymmetry is too fundamental to be dismissed 
by a few isolated observations ; the discrepancies in these cases may very 
well be due to some impurities in the substances examined. It seems im- 
possible that the d- and /-forms of a compound could be other than an object 





1 For a preliminary note on this subject, see B. K. Singh, Current Science, 1935, 3, 420-421. 
2G. Temple, Trans. Faraday Soc., 1930, 26, 272. 


3 A. N. Campbell and F. C. Garrow, Trans. Faraday Soc., 1930, 26, 560; A. N. Campbell, 
J. Amer. Chem. Soc., 1931, 53, 1661. 
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and its non-superposable exact mirror-image, agreeing precisely in every 
detail of structure and of properties, except those of a vectorial nature, which 
differ in sign, but are otherwise identical in the numerical magnitude in all 
cases. Moreover, it must be borne in mind that the wave-mechanics of ro- 
tatory polarisation is, at present, in a rather unsatisfactory condition. 


With this object of testing the validity of Pasteur’s Law as regards the 
equality in the numerical values of the rotatory power of the opposite and 
active forms, an extended series of investigations on the rotatory dispersion 
of enantiomorphous forms was undertaken in this laboratory. Out of 1800 
observations on the rotatory power which have been recorded* and those 
which still await publication, the differences in the specific rotatory power 
of the dextro- and /evo-forms correspond to a difference which is within 0-01° 
in the observed angle of rotation in 80 percent. cases, between 9-01° and 
0-02° in 17 percent. cases, between 0-02° and 0-03° in 2-5 percent. cases, 
and between 0-03° and 0-04° in the remaining one half percent. cases, the 
maximum deviation allowable in such observations being 0-02° in the ob- 
served angle of rotation. The three percent. cases, in which the differences 
are slightly greater than the maximum allowable deviation (0 -02°) for certain 
wave-length, give values for rotatory power for other wave-lengths, which 
are within the maximum error. This shows that these deviations are of the 
nature of casual experimental errors. 

The recent observations of Darmois® on the rotatory power of the d- 
and /-forms of the complex ammonium salts of molybdic and malic acids 
of the formula [4 MoO,, 2C,H,O,] (NH,),+5H,O for mercury green light, 
show that the observed angles of rotation do not differ by more than 1 part 
in 1,000 parts. 

These results clearly support Pasteur’s principle of molecular 
dissymmetry, according to which the d- and /-forms are represented as true 
mirror-images of one another, differing in sign, but absolutely identical in 
the numerical value of the rotatory power. 

The two cases of mandelic and camphoric acids in which discrepancies 
in the equality of the numerical values of the rotatory power have been 
noticed by Campbell and Garrow,* however, militate against Pasteur’s 
principle. It is, therefore, of very great importance to re-examine these 





4 B. K. Singh and B. Bhaduri, J. Indian Chem. Soc., 1930, 7, 54, 771; 1931, 8, 181, 623; 
Trans. Faraday Soc., 1930, 26, 347; B. K. Singh, H. P. Basu-Mallik and B. Bhaduri, J. Indian 
Chem. Soc., 1931, 8, 95; B. K. Singh, B. Bhaduri and T. P. Barat, ibid., 1931, 8, 345. 


5 Darmois, Bull. Soc. Fr. Physique, 1931, 301, 23. 
6 Campbell and Garrow, loc. cit. 
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cases with a view to ascertain how far they can be substantiated. In the 
case of mandelic acid, Kortum’ finds that if the preparations are sufficiently 
purified, measurable differences in the specific rotation of d- and /-mandelic 
acids are not observed. Campbell® has replied to this work of Kértum® 
but it is unconvincing and ineffective. Moreover, there is no further experi: 
mental data and the reply is only of a polemic nature. We have now deter- 
mined the rotatory powers of d- and /-camphoric acids in acetone, ethyl 
alcohol, and water for 10 different wave-lengths (A=4358 to 6709 A). The 
d-camphoric acid was prepared from d-camphor and J-camphoric acid from 
l-borneol as detailed in the experimental part. Campbell’s method?!® of 
preparation of these acids was followed so as to leave no room for doubt 
for any discrepancy. Taking the maximum deviation allowable in such 
polarimetric observations of 0-02° in the observed angle of rotation for 5 
percent. acetone and ethyl alcoholic solutions of camphoric acid (Tables IV 
and VII), the specific rotation of the dextro- and levo-camphors can differ 
by about 0-2°. Actually we find that in the case of camphoric acid in 
acetone solution, the specific rotation of the d-form is greater than that of 
the /-form by 0-7° for A=4358 and is less by 0-6° for A=6709. For other 
8 wave-lengths the differences in the specific rotation are less than 0-2°. In 
ethyl alcohol (Table VII), the specific rotation of d-form is less than that of 
l-form by 0-4° for A=4358 and greater by 0-3° for A=5086. For other 8 
wave-lengths the differences are within the experimental error. Similarly 
in aqueous solution, the difference in the rotatory power of d- and /-forms of 
camphoric acid (Table X) and of sodium camphorate (Table XI) are within 
the experimental error for all the 10 wave-lengths. 

The effect of concentration on the rotatory dispersions of d- and /-cam- 
phoric acids in ethyl alcohol for 10 AA between 4358 and 6709 A has also been 
studied: it is found that the rotatory power at first decreases with increase 
in concentration and then becomes almost constant (vide Table A and Fig. 1), 
These values further establish the identity of the magnitude of the rotatory 
power of the two opposite and active forms. 

Incidentally the rotatory dispersions of /-borneol (Tables XIV and XV), 
d- and l-camphor (Tables I, II and III) and d- and /-camphorimide (Tables 
XVI, XVII and XVIII) have also been determined and found to be identical 
within the limits of experimental error. Pasteur’s law of molecular 
dissymmetry is thus shown to hold good also in the case of these substances, 





7 Kortum, Ber., 1931, 64B, 1506. 
8 Campbell, Ber., 1931, 64B, 2476. 


® Kortum, loc. cit. 
10 Campbell, Jour. Amer. Chem. Soc., 1931, 53, 1662. 
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viz, mandelic acids and camphoric acids, in which discrepancies were 
previously noticed. They possess identical rotatory power if sufficient care is 
taken to purify the substances. The rotatory powers of d-camphor and 
l-borneol have been determined by Lowry"! at 20°, but we find higher values 
for these compounds at 35° (Tables II and XIV): viz.—for Asqq, the value of 
[a] for /-borneol is 45-21° for 6-9 percent. solution (in benzene) against 
32-55° of Lowry for 22-5 percent. solution (in benzene) at 20° and for 
d-camphor [a}=59-79° for 33 percent. solution (in benzene) at 35° against 
[a]=56-72° of Lowry, for the same concentration at 20°. For other lines 
the tables of rotatory dispersions (Tables II and XIV) may be consulted. 
It seems, therefore, that Lowry’s materials may be slightly impure as the 
temperature coefficient of rotatory power is unlikely to be so high. 


Types of Rotatory Dispersion. 
Camphoric acid, sodium camphorate, and camphorimide follow Drude’s 


Law of Simple Dispersion [a] whereas /-borneol and camphor 


= 2 
exhibit complex rotatory dispersion and follow the two-term equation, 
hy Rg 
ii go * woe 





Relation between Chemical Constitution and Rotatory Power. 

(a) The Effect of Cyclic Structure on Rotatory Power.—The rotatory 
power of a cyclic compound is usually considerably different from that of 
the corresponding open-chain derivative. This is evident from the following 
instances, which show that when an open-chain, optically active compound 
is transformed into a ring compound, this is always accompanied by a marked 
change in rotatory power—in some cases there is a marked increase, while 
in others there is a considerable decrease in the value of this property. 
Thus the rotatory. powers of esters of 1-methyl-3-cyclopentanone-4-carboxylic 
acid are about thirty times as great as those of the corresponding esters of 
methyl-adipic acid,’ and the hexahydrophthalic acids have much lower 
rotatory powers than their anhydrides."* This rule is more strikingly borne 
out in the case of derivatives of monosaccharides. The rotatory power of 
d-mannitol!4is [al = — 0-2°, whereas that of d-mannonolactone! is — 53-8°. 
The high rotatory power of most of the sugars as compared with the 
corresponding polyhydric alcohols is a proof of the ring structure of 





11 Lowry and Cutter, J.C.S., 1925, 127, 614. 
12 Haller, Compt. Rend., 1905, 140, 1205. 
13 Werner, Ber., 1899, 32, 3046. 

14 Fischer, Ber., 1890, 23, 3684. 

15 Fischer, Ber., 1889, 22, 3219. 
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the former. The increase which is brought about in the rotatory 
power of sugar alcohols by boric acid is attributed to the formation of ring 
complexes. Instances in which ring formation leads to a phenomenal 
depression in optical activity are to be found in derivatives of camphor. 
The camphoric acids and their anhydrides afford good illustrations of this 
rule, the acids having [alte = 56-35° in ethyl alcohol (Table VII), 
whilst the anhydrides are optically inactive throughout the whole range of 
spectrum investigated from A = 4258 to 6709 (Table XII). That this is not 
due to racemisation follows from the fact that both the dextro- and levo- 
camphoric anhydrides ({a]=0-0°) on hydrolysis yield the optically active acids 
of correct rotatory power (see p. 386). Camphoramic acids and their anhydride 
provide another illustration, the acids having [a],=45° (a), 60° (B) in ethyl 
alcohol, while the anhydride has [a],=9-15° (Table XVI). Other similar 
cases of marked differences in rotatory power of the aryl derivatives of d- 
camphorimide and d-camphoramic acid have already been pointed out by 
one of us!* in previous communications. 


(b) The Effect of Substitution in the Ketomethylene Group of Camphor 
on its Rotatory Power.—On comparing the structural formule of these com- 
pounds with their rotatory power (Table B), the following conclusions may 
be drawn. 


The reduction of the keto group in camphor ( [ahr = 59-61°) to the 
carbinol group in borneol (Lali = 43-45°) is accompanied by only 
a small depression in rotatory power, whereas the conversion of the keto- 

: : : - 486° ss 
methylene group to diketo group in camphorquinone ( 1} stesso = 165-5") 
is accompanied by a very great rise in rotatory power and that to the keto- 
oxime group in_ isonitrosocamphor (Lahte = 241-2°) is attended 
with a still greater rise in rotatory power. The oxidation of the keto 
methylene group to two carboxyl groups as in camphoric acid (Cn = 
56-35°) has hardly any effect on rotatory power. The ring formation in 

P ° . . . —_— 

camphoric acid by an oxygen atom as in camphoric anhydride ( [a] sen = 
0-0°) leads to a phenomenal depression in rotatory power, whereas that 
by an imido group as in camphorimide ( (a) = 11-25°), though 
still accompanied by considerable depression, does not produce this effect 
to the same extent. 





16 B, K. Singh and A. C. Biswas, J. Chem. Soc., 1924, 125, 1895; B. K. Singh and 
A. N. Puri, 1926, 504. 
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led Experimental. 
to- 1-Borneol.—l-Borneol employed in this work had the following constants : 
= Mi.p. 203-204°C.; [a], , —43-45° and [ajy,,.... —36-42° for 11-6 percent. 
1 10 Solution in ethyl alcohol; whereas Lowry’s values are as follows: 


= Mp. 204°C. ; [a]y, , —43-27° and [a]y,, —37-30° for 7-7 percent. 
hat olution in ethyl alcohol. 


igh 1-Camphor.—l-Camphor was prepared from /-borneol and had a m.p. 
fect 178°C. and the following rotatory dispersion values : Cle —59 -48° 
and [a ose’ —46-44° for 33 percent. solution in ethyl alcohol. Also 
purified d-camphor gave nearly identical m.p. and rotational values, v7z., 
and [ale = 59-6° and [a] ee = 46-53° for the same concentration and 


solvent. 


Ab F 
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d-Camphoric Acid and d-Camphoric Anhydride —d-Camphoric acid was 
prepared by the method of Campbell!? from camphor having the above 
constants. d-Camphor (48 g.) was introduced into a round-bottomed flask 
with a ground-on air condenser, to which a mixture of concentrated nitric 
acid (384 c.c.) of d. 1-42 and water (256 c.c.) were added and refluxed for 
about 60 hours on a water-bath with occasional shaking, at the end of which 
crystals began to appear on cooling. The crystals were filtered off. The 
yield was 34 g. ‘The crude acid was then dissolved in about 120 c.c. of 10 
percent. caustic soda solution and shaken twice with ether to remove any 
unchanged camphor after which it was reprecipitated with HCl (1: 1) till 
acid and filtered. Yield: 25 g.; m.p. 182-184°C. The purified acid was 
next treated with excess of acetyl chloride (50 g.) and refluxed for one hour, 
On shaking with cold water, the excess of acetyl chloride was removed. The 
anhydride was then crystallised from boiling ethyl alcohol and it melted at 
221°C. The anhydride was hydrolysed by boiling with potassium carbonate 
solution. The acid was precipitated by neutralising the alkaline solution 
with hydrochloric acid. The precipitate was filtered, washed and crystallised 
four times from boiling water, taking care to reject the first crop. Yield: 
7 g. (in cubes) ; m.p. 187°C. 


1-Camphoric Acid and \-Camphoric Anhydride.—l-Camphoric acid was 
prepared by the oxidation of /-borneol with nitric acid. /-Borneol (50 g.) and 
a mixture of 384 c.c. nitric acid (d. 1-42) and 256 c.c. water were taken 
in a flask with a ground-on air condenser and refluxed on a boiling water- 
bath for about 60 hours. ‘The crystals were filtered off and dissolved in 10 
percent. caustic soda solution and shaken with ether to remove unchanged 
borneol and camphor. ‘The alkaline solution on being neutralised with 
hydrochloric acid gave a precipitate of /-camphoric acid which was then 
treated with excess of acetyl chloride and refluxed for one hour. The excess 
of acetyl chloride was removed by mixing this with cold water. The 
l-camphoric anhydride was filtered off and crystallised from boiling ethyl 
alcohol. Vield: 23 g.; m.p. 221°C. On boiling with potassium carbonate 
solution and neutralising the alkaline solution with hydrochloric acid, |- 
camphoric acid was precipitated and crystallised four or five times from 
boiling water, the first crop being rejected eachtime. Yield: 6 g.; mp. 
187°C. 


dl-Camphoric Acid and dl-Camphoric Anhydride—These were also 
prepared in the same way as the dextro-isomeride from purified dl-camphor. 





17 Campbell, J. Amer. Chem. Soc., 1931, 50, 1662. 
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ras dl-Camphoric acid melted at 202-203°C. and dl-camphoric anhydride at 
ye 221°C. 
isk 


It should be noted that although dl-camphoric acid differed in melting 


ee point from that of either of the active isomerides, d/-camphoric anhydride 
ne had the same melting point as that of its dextro- or levo-isomeride. d- and 
tie l-Camphoric anhydrides are optically inactive for the whole range of spectrum 
10 investigated (A =4258 to 6709 A) (Tables XII and XIII), but yield, on hydro- 
je lysis, the corresponding optically active acids with [a])p = + 47-79° and 
if —47-80° respectively. 
ras Sodium Salts of Camphoric Acid.—These salts were prepared by neutral- 
ur, ising the corresponding acids with sodium bicarbonate solution and crystal- 
he lising from aqueous solution. They crystallise with 5 molecules of water 
at of crystallisation. 0-154 g. of salt gave on dehydration 0-567 g. of the 
ite anhydrous salt. Found, 89-85 g. of water per molecule; Calculated, 
ion 90-0 g. of water per molecule. 0-154 g. of salt gave 0-0654 g. of Na,SO,. 
ed Found, 141-84 g. of Na,SO, per molecule; Calculated, 142g. of Na,SO, 
d: per molecule. 

d-Camphorimide.—20 g. of d-Camphoric acid are introduced into an iron 
i retort with a long wide glass tube as condenser and an inlet tube reaching 


i almost to the bottom of the retort. The retort is heated in a lead bath and 
: a slow current of ammonia gas, dried by passing through lime and sodalime 





Be towers, is led into the fused mass. The current is made rapid as the mass 
10 boils and a white partially gummy substance distils over into the condenser. 
ail After scraping it off, it is again returned to the retort and distilled in a more 
th rapid current of ammonia as before. The solid distillate which is now de- 
si posited in the glass condenser, is a white mass of needle-like crystals. Yield : 
al 4g. It is then crystallised from alcohol as colourless needle-shaped prisms 
‘he melting at 242-243° C. 
nyl 1-Camphorimide.—This was prepared in the same way as the correspond- 
ate ing dextro-isomer and has the same melting point, solubility and rotatory 
Ss power (Tables XVI, XVII and XVIII). (Found: C, 66-24; H, 8-50; 
-_ N, 8-2. C,oH,,O,N requires C, 66-66; H, 8-33; N, 8-4 percent.) 
Dp. dl-Camphorimide.—It was prepared in the same way as its optically 
active isomers and melts at 242-243°C. (Found: N, 8-3; C,,H,,O,N 
a requires N, 8-4 percent.). 
em The rotatory power determinations were made in a 2-dcm. tube (jacketed) 


at 35°C. except in the cases of d- and /-camphor in benzene and ethyl alcohol 
where a l-dem. tube was employed. The value of A,, calculated from the 
dispersion formula, is given in the tables and is expressed as yw or 10-* cm. 
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Camphor in Acetone. 
18-4 695 
A? — 0-0922 A* 


TABLE I. 
[a] = 





Dextro Levo 





Calc. [a] 


Concentration | Obs. [a] | =¢ 
g./100 c.c. = Oo } 


=o’ | 


—_—. 


Obs. [a] Icaenonlil 


2/100 c.c. 





29 -82 -82°| +0-10°) CAsose +0 -16°| 83 -88° 


-10 03 | Agsooe —0-02 | 77 





03 | HE sso +0-03 | 66- 


01 | Hgszs0 —0-06 
“13 | NaAsgos —0 +17 
| 


-+0-02 





04 | Ligrog 


5 | hi 
"15 | Ligzog 





| 
| 


35 -96 | +0-18 











29 -50 





No mutarotation. 
TABLE II. Camphor in Benzene. 
[a] 29-87 — 19-96 
A?—0-0852 A*--0-0521 








Lavo 


| 








Calc. [a] | 
= C¢ | 


| 
Obs. [a] | 


p : Line A 
Concentration P 
- = , 

= Qo 


g/100 c..c. ie 


Concentration 
g./100 c.c. 





l 
| 
*25° —75 


+0 *85° 


+0 -43 


33 -5400 


69 -85 


—0-14 ; 59-65 


+0-11 49 -31 


+0 
+0 


03 46-41 


~ 


-70 -00 41-70 


-62 | —0-04 35 -58 








31-68 | +0-14 | 31-82 

















ve. 


33 +5035 





No mutarotation. 








tration 
Cc. 


035 
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TABLE III. 


Camphor in Ethyl Alcohol, 





389 

































































Sudlie 11-03 0-093 
r= \8—0-1484 70-2253 
Dextro | Levo 
: ar . Calc. [a] 

Concentration | Obs. [a] Pena Line A =C¢ | oie | Obs. [a] | Concentration 
g./100 c.c. =0 ’ = 0’ g-/100 c.c. 
33-5415 |+75-98° —0-20°| Cdsogg [£76-18°| —0-08°|—76-10° 33-5420 

ss 70:10 | +0-38 | Agsaoo | 69+72 | +0-26] 69-98 
. 59-61 | +0-24 | Hesse, | 59-37 | +0-12 | 59-49 “ 
" 49-87 | +0-16 | Hgsz | 49-71 | +0-15 | 49-86 m 
‘ 46-93 | —0-04 | Nase, | 46-97 | —0-12 | 46-85 a 
a 42-11 | —0-27 | Lig, | 42-38 | —0-18 | 42-20 = 
“ 36-41 | —0-+11 | Cdgyg | 36-52 | +0-08 | 36-60 s 
a 32-52 | —-0-16 | Ligne | 32°68 | —0-08| 32-60 = 
No mutarotation. 
TABLE IV. Camphoric Acid in Acetone. 
: 15-57 r 
[a] = y—0-0391? A,=0-1977 
Dextro Lavo 
Line A | Calc. [a] 

Concentration | Obs. [a] | r. =¢ et Obs. [a] [Concentration 
g./100 c.c. = 0 ene —— =o’ g./100 c.c. 
ss | 
5 +4680 +105 -80°| +2-6° | Hgygsg [+103-2° | +1-8° -105. 10°| 5-4760 

e 70-30 | —0-61 | Cdso | 70-91 | —0 71 70-20 “ 
r 67-54 | 40-41 | Ags | 67-13 | +0-24| 67-37 : 
= 60-14 | +0-06 | Hg, | 60-08 | —0-02 | 60-06 
. 59-78 | —0-14 | Agsss | 59-92 | +0-06 |. 59-98 ‘ 
“ 53-11 | +0-33 | Hgsro | 52-78 | —0-44|] 53-22 w 
‘ 50-46 | —0-09 | Nase, | 50-55 | +0-11 | 50-66 ss 
n 47-34 | —0-36 | Lig | 47-70 | —0-41| 47-29 _ 
” 41-76 | 40-28 | Cdgise 41-48 | +0-33 41-81 o: 
” 38 -03 | +0-13 | Liignp | 37-90 | +0-72| 38-62 . 




















No mutarotation. 
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TABLE V. Camphoric Acid in Ethyl Alcohol. 
14-84 
== <-—_———- : \ we6- 918i 
[a] = 99-9477} A0=0-2184 
Dextro Levo 

‘ | Calc. [a] eee 
Concentration| Obs. [a] Line A | =¢ i Obs. [a] | Concentration 
g./100 c.c. = @ =o’ g./100 ce. 














1-2533 +103-50° : Heiss [+104 -30°| —1-55°-102 -75° 
70-61 . Cdsos¢ 70 +33 os 70-7 

83 -55 | Agsoo | 66-38 66 -26 

-44 | +0. Hgss61 59 -2! : -08 

Asics 02 59-08 

He 5780 82 07 | 51-89 

Nasess df ; 50-30 
Ligyo4 5-6 . 44- 
Cdessg . 1- 41 +f 
Ligase | 36> —0-58| 36. 























No mutarotation. 
Camphoric Acid in Ethyl Alcohol. 
15:14 =" 
a = ly? —0-0320° A, = 0 1788 


Dextro Levo 
; LineA | Cale: [a] ; BER: 
Concentration| Obs. [a] ; | *¢ , Obs. [a] |Concentration 
g./100 c.c | =0 =o’ g./100 c.c. 

















3-2467 |+96-15° Fgizsg | + 95 -78° —95-62°| 3-2473 

66 -66 . Cd so86 16 +76 +2 66 -99 

| Agso09 33 +25 . 63 - 
Hg 5461 87 


AS sags 3-69 


Hg 5790 
Naseog 
Ligiog 
Cdgisg 


Ligzog 























No mutarotation, 








ation 
cc 
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TABLE VII. Camphoric Acid in Ethyl Alcohol. 


391 




















[a] = a ; A, =0-1694 
Dextro | Lavo 
— Line A Cale. [a] | ” ' 
saga Pete | ome see saat ae 

5-2530 |-+94-41°] +0-21° Heys | -+94-20° +0-67°—94-879 5-2500 

Us 66-24 | +0-14 | Cdsoeg | 66-10} —0-18| 65-92 - 

‘ 62-63 | +0-00 | Agso | 62-63 | +0-23| 62-86 * 

i 56-35 | +0-14 | Hag, | 56-21] —0-02| 56-19 z 

p 56-15 | —0-06 | Agsu | 56-21 | —0-02 | 56-19 . 

P 49-68 | —0-06 | Has | 49-74 | —0-03 | 49-71 ™ 

si 47-79 | 40-07 | Nagesg | 47-72 | +0-08| 47-80 

43-97 | —0-23 | Ligg, | 44-20} —0-05| 44-15 - 

A 39-41 | +0-13 | Cdgy, | 39-28 | +0-13 | 39-41 = 

5 35-98 | —0-09 | Lignp | 36-07 | +0-25 | 35-82 B 























TABLE VIII. 


No mutarotation. 


Camphoric Acid in 


Ethyl Alcohol. 























adi oe \,=0-1819 
Dextro Lavo 

cad mae | |e ee 
g/cc. | =o | ait ve =o’ g./100 c.c. 
7.2500 |+96-379 +1-47°| Hesse | -:94-90°} —0-14—94-76°| 7-2507 

‘ 66-00 | +0-06 | Cds, | 65-94 | —0-01 | 65-93 : 

: 62-40 | —0-06 | Agsonp | 62-46 | 40-04 | 62-50 - 

4 56-21 | +0-09 | Hess, | 56-12 | 40-00] 56-12 _ 

in 5B-86 | —0-10 | Agsus | 55-96 | —0-18 | 55-78 s 

. 19-38 | —0-05 | Hem | 49-43 | —0-05 | 49-38 ‘ 

3 47-44 | +0-05 | Nasgos | 47-39 | —0-01 | 47-38 

= 43-79 | —0-04 | Ligg | 43°83 | —0-18 | 43-65 - 

‘ 39-03 | +0-02 | Cdege | 39-01 | +0-23 | 39-24 - 

i 35-72 | +0 -03 | Ligne | 35-69) —0-03 | 35-66 56 

















No mutarotation, 
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TABLE IX. Camphoric Acid in Ethyl Alcohol, 
see on a 
[a] = ¥—0-0289 ; A,=0 1700 
Dextro Levo 
Line A Calc. [a] 
Concentration] Obs. [a] 9 =e Obs. [a] | Concentration 
g-/100 c.c. =o =o | g/10cc. 




















9-2500 |+93-30° 25° Heiss 3. ee ‘ia 9 +2480 
65 -21 ; CAsoag 
62 -03 ; Agso09 84 | 4-0-15 
55-40 25 | Hass, | 55> 19 
55-49 : Asus | 55> -08 
48-91 . Hgs780 . -03 
46-95 | —0- Naess | 47> -0 -09 


| 


43-71 | +0: Ligyo4 6: “17 


39-06  +0-19 | Cdgage ; 10 


7 | Ligzoo 35 sad “13 























No mutarotation. 
TABLE X. Camphoric Acid in Water. 


a8 9-70 oS :; 
[a] = —0-1054 ; A,=0 3264 








Dextro Levo 








Line A Gus: Bel 


Concentration | Obs. [a] 


Obs. [a] |.Concentration 
g /100 c.c. =o cael 


g-/100 c.c. 





0-5055 |+62-31° —0-98°| Caso, | +63-29°| +0-08°/—63-37° 0-5050 
58 -36 ‘11 | Agsooo | 58-47 59-46 
50-44 ; 50-31 | +41. 51-48 
51-43 +22 | Agee | 50-21 . 51-48 
43-52 | 41-11 | Heyy | 42-41 ; 43 -66 





39-56 ; Naseo3 | 40-15 ; 39 -60 
36 -59 Ligg, | 36-31 36 -63 
28 -68 Ligne | 28-15 29-70 


























No mutarotation. 
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TABLE XI. 
Sodium Camphorate in Water. 
6-746 


[a] => \?—0-0106° A,=0-1029 





Dextro 








—_—_——— 


¥ Line A Cale. [a] ; 
Concentration| Obs. [a] F ae Concentration 
g./100 c.c. =o g./100 c.c. 





5-0060 14° -05°| Casose p . 5-005 
‘71 ‘U- ASso00 

3-46 | +0- Hg5s61 
87 P H 235780 
‘05 | +0- Nasggs 
-69 : Ligigs 
-81 . Cdgasg 


P 52 vs Ligzoo 


























No mutarotation. 


TABLE XII. 
Camphoric Anhydride in Ethyl Alcohol. 





Dextro | Levo 








| Line A 
Concentration g./100c.c.| Obs. [a] =o Obs. [a] =o’ |Concentration g./100 c.c. 





0-910 +0-0° Hgusss —0-0° 0-960 
0-0 Hgss01 0-0 
0-0 HE 5789 0-0 
0-0 Nagess 0-0 
0-0 Lilises 0-0 


0-0 Ligne 0-0 
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TABLE XIII. 
Camphoric Anhydride in Chloroform. 





| 
Dex tro Levo 


Line A | 
Concentration g./100c.c. Obs. [a] =o’ aonennees g./100c.c, 











4 -0316 Hasse | —0-0° 
THY sa61 0-0 
TH s5780 0-0 
N asgoq 0-0 
Ligyo4 0-0 


Ligzo9 0-0 

















TABLE XIV. 
1-Borneol in Benzene. 


Concentration : 6-9010 g./100 c.c. 








LineA| Hegasss Ags209 Hgs461 Hg5780 | Nasso3 | Ligi04 Cdg4a3s 
} 





Obs.[a]} —77-09° | —50-28° | —45-21° | —39-70° | —38-11° | —35-13° | —31-88° 














TABLE XV. 
1-Borneol in Ethyl Alcohol. 
Concentration: 10-6015 g./100c.c. 





Cdsose | Ags209 | Hgsae1 | Hgszso | Nassos | Tieros | Cdeass | Liszos 
| | | F 

°} —51-71° | —49-24° | —43+45° | —38+25° | —36-42° | —33-82° | —30-28° | —27-64° 
| | 

| 
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TABLE XVI. Camphorimide in Ethyl Alcohol. 


3 OR) Co 
[a] aan Y—0-0976° A,=0 3124 


Dextro | Levo 


Line A | Cale [a] 
Concentration | Obs. [a] | =¢ Obs. [a] | ceomeianiailie 
g./100 c.c. =0 | =’ | g./100 c.c. 














+13 -84°| —0-33° Cdjogs | 14> -09°|—14-08°| 2-1307 
13-13 | —0-01 | Agssoo ; ; 13-14 
11-26 | —0-12 | Hg, | 11° ; 11-26 

-61 | --0-04 | Hgszso ; -38 
-15 | +0-00 | Naseos ; ; 15 
-44 | 40-14 | Ligios : 21 


52 | 40-32 | Cagis -20 | +0- 27 





-80 | +0-+32 | Ligaos -48 ; 04 























No mutarotation. 
TABLE XVII. Camphorimide in Benzene. 


_ 0°68 as i 
ja] = \?0-1435' A, =0:3788 


Dextro Levo 


; Cale. e. [al 
L 5 Line A 
Concentration | Obs. [a] Obs. [a] | Concentration 
g./100 c.c. =o =9’ g./100 c.c. 














A gs000 : : 5-19 


| 
+0: a Cd sess : > —5-78° 3-3733 


Hg 561 . . -60 
H579 . 0: -56 
Nasgoa . 07 -41 
Ligyo3 97 . “11 
Cdgazg 51 . 2-37 
Ligzo9 22 . 37 





























No mutarotation, 








TABLE XVIII. 
Camphorimide in Chloroform. 
1-708 
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[a] = srt page 40-2355 
Dextro | | Leve 
Concentration | Ots. {23 a Line A | Cate. [a ii Obs. Concert 
3-4000 | +4-41° +0-09° Ligng | +4-32° +0-09° —4-41°9 3.4033 
" 4-71 | —0-05 | Cage | 4-76] —0-21] 4-55| 
is 5-29 | —0-10 | Ligyos 5-39 | —0-25 5-14 1 
" 5-74 | —0-12 | Nagas | 5-86} 40-02] 5-88 . 
: 6-18 | +0-05 | Hg | 6-13} —0-10| 6-03 " 
" 6-91 | —0-13 | Hess | 7-04] —0-01| 7-03 - 
- 8-09 | +0-17] Ags | 7-92] +0-01; 7-93 p 
. 8-53 | +0-12 | Cayogg | 8-41] —0-03| 8-38 ‘ 











No mutarotation. 
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$1. Let bea positive integer > 5. Let p denote a primitive gth 
root of unity. We write 


q-l qQ-1  2amithn 
= J p*” -— 2. ga © 
P h=0 h=0 
where (a, 7) = 1. Further 
—2mitN 


Aq) =A(N, 1, 9,8) = 9% Ze 4% (Sp) 


where p runs over the d(g) primitive ath roots of unity [4(qg) is Euler’s totient 
function]. The “‘ singular series’ under consideration is for s > 5, 

S(N) = S(N; ”;s) = =. = II Xz 

q= 

where # runs through all primes and ‘ 

Xp= 1 + A(p) + Alp!) + + 
We shall show that 

Theorem 1. 

S(N, 2; ” + 1) # O(1) 
i.¢., for fixed n and an arbitrary A we can find infinitely many positive integers 
N such that 

(1) S(N, 2;” +1) >A. 

In fact we prove that the number of numbers N < x with the property (1) 
is greater than Cx (for large x), where C = C(A,n) is @ positive constant 
depending only on A and n. 

Let 7,,,(N) denote the number of representations of N as a sum of s uth 
powers > 0. ‘Then the last result helps us to show that 

Theorem 2. 

taulN) # O(1) 
ie., for fixed-n and an arbitrary A we can find infinitely many N such that 
tnn(N) > A. 





* Dedicated to my friend Sivasankaranarayana Pillai. 
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Theorem 2 gives us some idea of the behaviour of r,,(N) for large N. 
An opposite kind of result is the famous unproved 


Hypothesis K.  rn,,(N) = O(N£) for any « > 0. 


In what follows the numbers c (or ¢,, ¢,, etc.) denote positive constants 
which depend only on 1. 


§2. Let us assume the existence of ac = c(m) such that 
(1) trx(N) < c. 
If (I) is true, then clearly 
1 
(II) Yn41.n(N) < cN” 
since (I) is true, Hypothesis K is true. On the latter assumption we have 
(from Hardy-Littlewood’s P.N. VI in Math. Ztschr., Vol. 23) 
: 1 
(2) Yn+1,n(N) = EN "S(N; n,n + 1) + o(N) 
where 
142 - 
os c 
(3) [o(m}#=O@ " °) 
max 
and E is a positive constant involving only on 1. 


From (2) and (3) it follows that 
1 1 


(4) Ynvn(N) = ES (N; 4;”+ 1) N" 4. o(N”) 
is true for ‘‘ almost all’ N. 


§3. Notation. 
a/b 
means that a is a divisor of b ; afb is the negation of a/b. 
p9 || m 
means that p9lm but po Ft m. 
M(p’) = M(p’, N) is the number of solutions of h,” + --- + A, =N(mod 4) 
where 0 < hy, < fp’. Clearly M(p’, N) > 0 if N=1 (mod ). 
The first six of the lemmas below are from Landau’s Vorlesungen uber 
Zahlentheorie, Band 1, pages 284, 294, 297, 297, 302, 281 respectively. 
Lemma 1. Let pBnto | N where B>0, 0<oa <n; let p? in and 
y = 0+lifp> 2,y =0+2¢fp=2. Then A(p’) = 0 for1 > |, where 
l, = Max (6n +o-+ 1, Bn+y). 
Lemma 2. Ifq =p’, pf n, 2 <1< n then 
Sp = p* 
Lemma 3. Ifq =p, 
Spl < (n — 1) vp. 
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Lemma 4. Forq = p/,1> n, we have 
Sp = prt Spe” 
(clearly, p*” is a primitive p*”th root of unity) 
Lemma 5. Forp>«ca,s =n+1(n > 4) 


Lemma 6. 
1 + A(p) + A(p?) + --- + A(p4) = piv M(p/, N). 
§4. Let p, denote the 7th prime. In the sequel we shall employ the 
above lemmas only in the case s = n + 1. 
Lemma 7. Wecan find a number 2 so large that (p,,n) = 1 for all 
1 > z, and further, 
1 b 
Hemi +e (|b} <1) 
pr o,* : 
for all r > 2, where N 1s such that 
i” |\N (72%). 
Proof.—Since r > %, py is prime to m for sufficiently large z, and it 
follows from lemma 1 that 
(5) Xp, =1+ Alby) + AG) + +. + ACP), 


From lemma 2, 
Splq= i", 2 <m<n)=p,), 
(Sp)**? — perryrt, 


1 : 
(2) = geri 2(Sp)"*49-™ 
e ? 
= (p,” rea i )p, 


= rr ata pyowt 


From (5) and (9), 
(10) X= 1+ a + Alby) + A(p,"*), 


By lemma 3, 


1 


n+l 
Cc Cc 


(11) Alp) <5 br? P= SS = 


forn > 5; by lemmas 3 and 4, 
: = pty td 
(12) Ap") « 0 Pees 
c 
it “7 (n > 3). 


il 
es 
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From (10), (11), (12), 
1 cé 
13 =1 — + 
a 


1 b 
== l —_ a “ 
"Ss 59 


(where | @| < 1) 


(where | b| < 1) 


forr > 2% = %(n). 
Lemma 8. Let py = 2, Pe, Ds, ***» Pm (mM = 2% — 1) be the primes below 
Pz Hence m depends only on n. Let 
po yn (l<gu<™m). 
Let N =1 (mod Y) where Y = 29,+2 IT (p,i+92), 
2Svgm 
Then} 
IT % > c> 0: 
ria * 
(c depends only on n). 
Proof. For 2 < uv < m it follows from lemma 1, that 
(14) % = 1 + A(2) + +» + A(2%49), 
(15) X= 1+ A(p,) +-+- + A(p,1+ 9), 
Hence from lemma 6, 
(15) X_ = 2749, +2 (28,42, N), 
(16) Xs, = p+ Boye M(p,1+92, N). 


) 
Since N= 1 (mod 24,+# 39.41 ... Pm*9m) we have 
) 


(17) M(29:+2, N) > 1, M(p,2+9, N) > 1. 
Lemma 8 follows from (15), (16), (17) since @,, --+, 6, depend only on, 
§5. Let A be any preassigned (large) number (it is to be remembered 
that x is fixed throughout this paper). It follows from lemma 7 that we 
can find z, so large that 
(18) TIT XxX, >A 
n<rgs =” 
where N satisfies the condition 
PArI|N fora <r < 2%. 
We may also suppose that z, > ¢. 
Then it follows from lemmas 7, 8 and 5 that 
(19) SINja;n+)= I Xp IT Xp ai Xp 
r<szy a1Qrese ” r> Z2 " 
> cA.c. = cA 





1 See I. Chowla, “ Vinogradow’s Solution of Waring’s Problem and Hypothesis K of 
Hardy and Littlewood” to appear in these Proceedings. 
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(by applying lemma 5, since 2, > ¢,, to the third product in (19)), where N 
is restricted by the conditions 
(20) N= 1(mod 24+ 9,0. ... Ont) 
and 
(21) p”|N forazgr< 2. 
It is clear that for given m and A there is a finite proportion of numbers 
N satisfying (20) and (21), ¢.e., the number of solutions of (20), (21) and 
(22) N<x 
is greater than d x (for large x) where d is positive and depends only on A 
and. Hence we have 
Theorem 3. Let n be a fixed integer > 5. Let A be an arbitrarily large 
number. Then we can find a positive number d, depending only on A and n, 
such that the number of solutions (in N) of 
S(N;2;”+1)>A, 
le Nx, 
is greater than d x for large x. 
From Theorem 3, and (4) which is true for almost all N, we easily 
deduce that 
Theorem 4. Letn > 5 be fixed. Let A be arbitrarily large. Then if 
Hypothesis K is true there exists a number d = d (A, n) > 0 such that the 
number of solutions (in N) of 


(23) Trin (N) > AN 
ad l<N<x 
is greater than d x for large x. 

Now if (I) were true, then (II) would be true. Further Hypothesis K 
would be true since (I) is supposed true, and hence by Theorem 4, there 
would be infinitely many N satisfying (23), which contradicts (II).. Hence 
(I) is false and Theorem 2 is true. 

Note.—Results similar to Theorem 2, ¢g., that 7’,,(N) > 2 for 
infinitely many N(3 < k < 9) where 7’, , (m) is the number of distinct and 
primitive representations (permutation of the bases not allowed) of m as a 
sum of k kth powers > 0, have been proved by Wright in his paper ‘‘ On 
Sums of kth Powers, ’’ Jour. London Math. Soc., 1935, 10, 94-99. 
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In the condensation of piperonal with malonic acid in the presence of a 
trace of pyridine,’ it was found that the yield of the unsaturated acid was 
highest, viz., 100%. A further study of this has revealed some interesting 
points. 

The product is piperonyl-acrylic acid, (I) 


COOH O- 
+ H.C rd =CH, 4 


\coon 


\ 


O- 


/ 


+CO2+H,0. 


CL). HO 


Nok }cu:cu-coon 
(I) 
It was first prepared by Lorenz* from piperonal, sodium acetate and acetic 
anhydride by Perkin’s method. He gave the melting-point 232°C. Later 
on Perkin himself* prepared it by a slightly different method, which, he says, 
‘“‘was found to give good yields’. Somehow he does not state the actual 
yields, though he observes that his acid was in every respect identical with 
that of Lorenz, except in the melting-point, which he found to be higher, 
namely, 238°C. Dutt* reports having prepared it from piperonal, malonic 
acid and pyridine-piperidine mixture. He, however, does not refer to Lorenz, 
refers only to Perkin’s paper, says that he identified the acid according to 
Perkin, and yet gives not Perkin’s, but Lorenz’s figure for the melting-point, 
i.e., not 238°C., but 232°C. He also reports an yield of 76% by his method. 
Later on Dutt prepared it again® with a molecular proportion of another base, 
quinoline. The melting-point is not mentioned, but his ‘“best possible yield” 
was now lower than before, vzz., only 60-9%. It was found by Kurien and 
one of us* that with a trace only of pyridine, the yield was theoretical and 
that the product melted with decomposition at 240°C. In the present paper 


402 





ee to ees es hr? CF CH £45  —_— =< <_ <_<” a 


ae ~~ oso wm 2-.oO ese ff wm at ~~ 


ae? n> a ia sa ”6| 6 | 


The Condensation of Aldehydes with Malonic Acid 403 


ithas been found that very careful and repeated purifications raise the melting- 
point still higher, vrz., to 242° C. 


The condensations were carried out first with a trace of pyridine—0-15 
mol. nearly, and the earlier good yield was confirmed. The following bases 
were then tried, usually in 0-15 molecular proportion, and the resulting 
yields varied from 40°% to theoretic. In the cases of the lower yields, resin- 
formation was invariably noticed. It is possible that by varying some of 
the conditions improvements in the yield might have been seen. But uni- 
form conditions were maintained to make comparisons fair. The bases 
were : 


Lutidine, quinoline, iso-quinoline, quinaldine, diethylaniline, dimethyl- 
aniline ; piperidine, methylaniline, ethylaniline, diphenylaniline ; aniline, 
o-toluidine, m-toluidine, -toluidine, a-naphthylamine, f-naphthylamine ; 
ammonia and ammonium malonate.* A very interesting peculiarity is shown 
by this aldehyde which may throw light on the specific catalytic influence 
of each of the bases used. Piperonal and malonic acid are found to undergo 
the same cgndensation even without the trace of any base. This has indeed 
been observed, in the case of benzaldehyde by Dutt, as well as by workers 
inthis laboratory. But the product in this case was always the dibasic benzyl- 
idene malonic acid. Piperonal, on the other hand, gives the usual monobasic, 
piperonyl-acrylic acid in a straightforward way. Repeated experiments 
were made taking every precaution to exclude even a trace of any other 
substance. Yet the condensation proceeded as usual, and in four hours gave 
over 50% of piperonyl-acrylic acid. The yield increased on prolonging the 
heating on the water-bath, and reached the usual theoretical value, about 
95% on eighteen hours’ heating. Most of the organic bases bring about the 
same result in 4 hours, and a trace is more effective than a whole molecular 
proportion, as evidenced by the yields when quinoline and pyridine were used. 
In other cases resin-production probably not only clogs the reaction but 
certainly also makes separation less easy and thus diminishes the yield. 


Experimental. 


The procedure was in all cases very similar to what was found good in 
earlier condensations. The bases were all purified and generally freshly 
distilled. The aldehyde was also recrystallised and dried. The malonic acid 
was Scherring-Kahlbaum’s, “pure for scientific purposes,’’ and dried at 100°C. 
3grams piperonal, 2 grams malonic acid and the base in traces as in the Tables, 
Were mixed in a dry flask and heated on a water-bath for about four hours. The 
aldehyde melted immediately (m.p. 37°C) and the acid gradually dissolved in it. 


This took about half an hour, after which an evolution of carbon dioxide was 
A6a E 
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observed, and after about an hour the whole mass in the flask became solid. 
Heating was continued for three hours more, when it was stopped. On cool- 
ing, the mass was taken out, crushed, treated with sodium carbonate solution 
and warmed. If there was any resinous mass, it was filtered out, and the acid 
piperonyl-acrylic was separated by the addition of dilute hydrochloric acid. 
In every case the crude acid was slightly coloured, dirty white, grey or yellow, 
as was found in earlier cases, by Dutt and by others in this laboratory. 


The acid recrystallised from alcohol or acetone melted with decomposition 
at 242°C. Recrystallisation from glacial acetic acid, or changing into sodium 
and barium salts and re-precipitating the acid by dilute HCl made no change 
inthe melting-point. ‘The acid was found to be able to undergo sublimation on 
warming : crystals obtained on sublimation also melted at 242°C. 


The equivalent weight of the acid was found 
(1) by titration with standard baryta =193, 
(2) by the silver salt method =192-4, 
while the formula CH, : O, : C,H;.CH : CH.COOH requires 192. is 


Determination of carbon and hydrogen gave: 
Carbon found =62 -26%, hydrogen found =4-19%. 
The formula C,,H,O, requires C =62-50%, H=4-16%. 
The exact yields with the different bases used are given in the Table at 
the end. 


Condensation without a base——Malonic acid (2 grams) and piperonal 
(3 grams) were taken in a flask that was very carefully cleaned and dried. The 
mixture was heated on the water-bath for different periods, and the product 
treated as before to separate the acid formed. It was found that with the 
usual four hours’ heating, piperonyl-acrylic acid was formed with 52% vield, 
and when the heating was prolonged to eighteen hours, the almost theoretical 
yield of 95% was obtained. The acid was identical in its melting-point to 
the one obtained before. 
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Pyridine 
Iutidine 
Quinoline 
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Piperidine 
Piperidine 
Methylaniline 
Ethylaniline 
Diphenylamine 
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Aniline 
o-Toluidine 
p-Toluidine 
m-Toluidine 
a-Naphthylamine 
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Ammonium hydroxide. . 
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White, no resin. 
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7. Introduction. 


As is well known, Langevin showed that high frequency sound-waves of 
great intensity can be generated in fluids by the use of piezo-electric oscil- 
lators of quartz. Recently, Debye and Sears! in America and Lucas and 
Biquard? in France have described very beautiful experiments illustrating 
the diffraction of light by such high-frequency sound-waves in a liquid. 
Amongst the experimenters in this new field, may he specially mentioned 
R. Bar® of Ziirich who has carried out a thorough investigation and has pub- 
lished some beautiful photographs of the effect. The arrangement may be 
described briefly as follows. A plane beam of monochromatic light emerging 
from a distant slit and a collimating lens is incident normally on a cell of 
rectangular cross-section and after passing through the medium emerges 
from the oppsite side. | Under these conditions, the incident beam will be 
undeviated if the medium be homogeneous and isotropic. If, however, the 
medium be traversed by high-frequency sound-waves generated by intro- 
ducing a quartz oscillator at the top of the cell, the medium becomes stratified 
into parallel layers of varying refractive index. Considering the case in which 
the incident beam is parallel to the plane of the sound-waves, the emerging 
light from the medium will now consist of various beams travelling in 
different directions. If the inclination of a beam with the incident light be 
denoted by @, it has been found experimentally that the formula 


sin@ = + = m (an integer) > 0 ai “4 (1) 


is in satisfactory agreement with the observed results, where A and A* are 
the wave-lengths of the incident light and the sound wave in the medium 





1 P. Debye and F. W. Sears, Proc. Nat. Acad. Sci. (Washington), 1932, 18, 409. 
2 R. Lucas and P. Biquard, Jour. de Phys. et Rad., 1932, 3, 464. 
3 R. Bar, Helv. Phys. Acta, 1933, 6, 570. 
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respectively. With sound waves of sufficient intensity, numerous orders 
of these diffraction spectra have been obtained ; a wandering of the intensity 
amongst these orders has also been noticed by Bar* when the experimental 
conditions are varied. 

Various theories of the phenomena have been put forward by Debye 
and Sears,! by Brillouin, and by I,ucas and Biquard.2 The former have 
not presented quantitative results and it is hard to understand from their 
theory as to why there should be so many orders and why the intensity should 
wander between the various orders under varying experimental conditions. 
In Brillouin’s theory, the phenomenon is attributed to the reflection of light 
from striations of the medium caused by the sound waves. We know, how- 
ever, from the work of Rayleigh that the reflection of light by a medium of 
varying refractive index is negligible if the variation is gradual compared 
with the wave-length of light. Under extreme conditions, we might perhaps 
obtain the Brillouin phenomenon, but the components of reflection should 
be very weak in intensity compared to the transmitted ones. As one can 
see later on in this paper, the whole phenomenon including the positions of the 
diffracted beams and their intensities can be explained by a simple considera- 
tion, of the transmission of the light beaminthe medium. Lucas and Biquard 
attribute the phenomenon to an effect of mirage of light waves in the medium. 
In what way the relation (1) enters in their theory is not clear. The wander- 
ing of the intensities of the various components observed by Bar has not 
found explanation in any of the above theories. 

We. propose in this paper a theory of the phenomenon on the simple 
consideration of the regular transmission of light in the medium and the phase 
changes accompanying it. The treatment is limited to the case of normal 
incidence. The formula (1) has been established in our theory.. Also, a 
formula for the intensities of the various components has been derived. It 
is found that the above results are in conformity with the experimental 
results of Bar.® 

2. Diffraction of light from a corrugated wave-front. 


The following theory bears a very close analogy to the theory of the 
diffraction of a plane wave (optical or acoustical) incident normally on a 
periodically corrugated surface, developed by the late Lord Rayleigh. He 
showed therein that a diffraction phenomenon would ensue in which the 
positions of the various components are given by a formula similar to (1) 





4. Brillouin, “La Diffraction de la Lumiere par des Ultra-sons”, Act. Sci. et Ind., 1933, 
59, 
5 Lord Rayleigh, Theory of Sound (Vol. 2), page 89, 
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and their relative intensities are given by a formula similar to the one we 
have found. 

Consider a beam of light with a plane wave-front emerging from a 
rectangular slit and falling normally on a plane face of a medium with a 
rectangular cross-section and emerging from the opposite face parallel to the 
former. If the medium has the same refractive index at all its points, the 
incident beam will emerge from the opposite face with its direction unchanged, 
Suppose we now create layers of varying refractive index in the medium, 
say by suitably placing a quartz oscillatorin the fluid. Ifthe distance between 
the two faces be small, the incident light could be regarded as arriving at the 
opposite face with variations in the phase at its different parts corresponding 
to the refractive index at different parts of the medium. ‘The change in 
the phase of the emerging light at any of its parts could be simply calculated 
from the optical lengths found by multiplying the distance between the faces 
and the refractive index of the medium in that region. ‘This step is justified 
for J nlx, y, 2)ds taken over the actual path is minimum, ?.e., it differs from 
the one taken over a slightly varied hypothetical’ path by a differential 
of the second order. So, the incident wave-front becomes a periodic 
corrugated wave-front when it traverses a medium which has a periodic 
variation in its refractive index. The origin of the axes of reference is chosen 
at the centre of the incident beam projected on the emerging face, the 
boundaries of the incident beam being assumed to be parallel to the boundaries 
of the face. The X-axis is perpendicular to the sound-waves and the Z-axis 
is along the direction of the incident beam of light. If the incident wave is 
given by 

A eomivt 
it will be 
Ae2miv {t — Lyia)/c} 
when it arrives at the other face where L, is the distance between the two 
faces and p(x) the refractive index of the medium at a height x from the 
origin. It is assumed that the radii of curvature of the corrugated wave- 
front are large compared with the distance between the two faces of the cell. 
If 4» be the refractive index of the whole medium in its undisturbed state, 
we can write ,.(*) as given by the equation 
. 222 

u(*) =Ho—# Sin SE 
ignoring its time variation, p being the maximum variation of the refractive 
index from py. 

The amplitude due to the corrugated wave at a point on a distant screen 
parallel to the face of the medium from which light is emerging whose join 
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with the origin has its x-direction-cosine /, depends on the evaluation of the 


diffraction integral 
Pl2 


eomi{le+pL sin (272/A*)}/A gy 
-?/e 
where p is the length of the beam along the X-axis. The real and the 
imaginary parts of the integral are 
Pl. 
{cos ulx cos (v sin bx)—sin ulx sin (v sin bx)}dx 
~?/e 
P/s 
{sin ulx cos (v sin bx) +cos ulx sin (v sin bx)}dx 
-?P le 
where 4 =2n/A, b = 2n/A* and v = upl, = 2pL/A. 


We need the well-known expansions 


cos (v sin bx) = 22” Jz, cos 2rbx 
0 


sin (v sin bx) = 22 Je,,) sin 2r +1 bx 
0 


to evaluate the integrals, where J,/ = J,,(v)] is the Bessel function of 

the nth order and a dash over the summation sign indicates that the co- 

efficient of J, is half that of the others. The real part of the integral is then 
Pl» 7" Pls 


22” Jer [cs ulx cos 2rbx dx—22 Taras sin ulx sin 2r+1 bx dx 
0 0 
Plo -? le 


es Pls 
& Je fi {cos (ul +2rb)x + cos (ul — 2rb)x}dx 
0 a 
rgiads 
+2 Jorsy / {cos (ul + 2r+1 b)x — cos (ul—2r +1 b)x}dx 
- 
“Pls 
Integrating the above, we obtain 
= sin (ul+ 27rb)p/2 sin (ul—2rb)p/2 
Ju (ul-+2rb)p/2 (wb — 2rd) \ 











(2) 


The integral corresponding to the imaginary part of the diffraction integral 


> sin (ul + 2r+1 b)p/2 sin (ul —2r + 1°b)p/2 
+P & Sertt) “Galt Br +1 )p/2 ad — Be 1/2 
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is zero. One can see that the magnitude of each individual term of (2) 
attains its highest maximum (the other maxima being negligibly smal] 
compared to the highest) when its denominator vanishes. Also, it can be 
seen that when any one of the terms is maximum, all the others have 
negligible values as the numerator of each cannot exceed unity and the 
denominator is some integral non-vanishing multiple of b which is sufficiently 
large. So the maxima of the magnitude of (2) correspond to the maxima 
of the magnitudes of the individual terms. Hence the maxima occur when 

ult+nb=0 n(an integer) >0 . (3) 


where ” is any even or odd positive integer. The equation (3) gives the 
directions in which the magnitude of the amplitude is maximum which 
correspond also to the maximum of the intensity. If @ denotes the 
angle between such a direction in the XZ-plane along which the intensity 


is maximum and the direction of the incident light, (3) can be written as 


sin@ = + 70 ‘ ‘i ii  @) 


remembering that « = 27/A and b = 2n/A*, This formula is identical with 
the formula (1) given in the first section. The magnitudes of the various 
components in the directions given by (4) can be calculated if we know, 
Jn OF Jn(v) oF Jy(2mpL,/A). 
Thus the relative intensity of the mth component to the mth component is 
given by 
Jn*(v) 
Jn2(2) 
In the undisturbed state of the medium there is no variation of the refractive 
_ index, t.e., 1 = 0. In this case all the components vanish except the zero 
component for 


where v = 2mpuL/A. 


Jm(0) = 0 for all m0 and J,(0) = 1. 
In the disturbed state, the relative intensities depend on the quantity v or 
27pul1,/A where A is the wave-length of the incident light, » is the maximum 
variation of the refractive index and L, is the path traversed by light in 
the medium. We have calculated the relative intensities of the various 
components which are observable for values of v lying between 0 and 8 
at different steps (Fig. 1). 

Fig. 1 shows that the number of observable components increases as 
the value of v increases. When v = 0, we have only the central component. 
As v increases from 0, the first orders begin to appear. As v increases still 
more, the intensity of the central component decreases steadily and the first 
orders increase stéadily in their intensity till they attain maximum intensity 
when the zero order will nearly vanish and the second orders will have just 
appeared, As v increases still more, the zero order is reborn and increases 
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Fic. 1, 
Relative intensities of the various components in the diffraction spectra. 
(For tables, see Watson’s Bessel Functions and Report of the British Association, 1915.) 
in its intensity, the first orders fall in their intensity giving up their former 
exalted places to the second orders, while the third orders will have just 
appeared and so on. 


Our theory shows that the intensity relations of the various components 
depend on the quantity v or 2muL/A. Thus an increase of p (i.e., an increase 
of the supersonic intensity which creates a greater variation in the refractive 
index of the medium) or an increase of L, or a decrease of A should give similar 
effects except in the last case where the directions of the various beams will 
be altered in accordance with (4). 

3. Interpretation of Bar's Experimental Results. 

(a) Dependence of the effect om the supersonic intensity.—Bar has observed 
that only the zero order (strong) and the first orders (faint) are present when 
the supersonic intensity is not too great. He found that more orders 
appear as the supersonic intensity is increased but that the intensity 
of the zero order decreases while the first orders gain in their intensity. 
Increasing the supersonic intensity more, he found that the first order would 
become very faint while the second and third orders will have about the 
same intensity, The figures la of his paper may very well be compared 
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with our figures l(c), 1() and 1(k). Thus, we are able to explain the appear- 
ance of more and more components and the wandering of the intensity amongst 
them as the supersonic intensity is increased, in a satisfactory manner. 

(6) Dependence of the effect on the wave-length of the incident light.—We 
have already pointed out that the effects due to an increase of w caused by 
an increase of supersonic intensity are similar due to those with a decrease 
of A except for the fact that the positions of the components of the emerg- 
ing light alter in accordance with (4). Bar has obtained two patterns of 
the phenomenon by using light with wave-lengths 47504 and 36504. He 
obtained, using the former seven components and using the latter eleven 
components in all. He also observed great variations in the intensities of the 
components. Not only is the increase in the number of components an 
immediate consequence of our theory, but we can also find the pattern with 
3650A if we assume the pattern with 47504. The pattern with the latter 
in Bar’s paper shows a strong resemblance to our figure 1(p) for which 2ayI,/ 
is 3-7. Thus we can calculate 2mL/A when A is 3650A. It comes to 
about 4-8. Actually our figure for which 2mL/A is 4-8 closely corresponds 
to Bar’s pattern with 36504. 

(c) Dependence of the effect on the length of the medium which the light 
traverses.—It is clear from our theory that an increase of L, corresponds to 
an increase of v and that the effects due to this variation would be similar to 
those with an increase of the supersonic intensity. But the basis of our 
theory does not actually cover any large change in L. However, we should 
find more components and the wandering of the intensity amongst the various 


components. 
4. Summary. 


(a) A theory of the phenomenon of the diffraction of light by sound- 
waves of high frequency in a medium, discovered by Debye and Sears and 
Lucas and Biquard, is developed. 

(6) The formula 


sin @= + J n (an integer) > 0 


which gives the directions of the diffracted beams from the direction of the 
incident beam and where A and A* are the wave-lengths of the incident light 
and the sound wave in the medium, is established. It has been found that 
the relative intensity of the mth component to the mth component is given by 
Jm*(2mpL/A) | Jn*(2meL/A) 

where the functions are the Bessel functions of the mth order and the nth 
order, » is the maximum variation of the refractive index and L, is the 
path traversed by light. These theoretical results interpret the experimental 
results of Bar in a very gratifying manner, 
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1. Introduction. 

In the first! of this series of papers, we were concerned with the explanation 
of the diffraction effects observed when a beam of light traverses a medium 
filled by sound waves of high frequency. For simplicity, we confined our 
attention to the case in which a plane beam of light is normally incident 
on a cell of the medium with rectangular cross-section and travels in a direc- 
tion strictly perpendicular to the direction along which the sound waves are 
propagated in the medium. By taking into account the corrugated form of 
the wave-front on emergence from the cell, the resulting diffraction-effects 
were evaluated. This treatment will be extended in the present paper to 
the case in which the light waves travel in a direction inclined at a definite 
angle to the direction of the propagation of the sound waves. The exten- 
sion is simple, but it succeeds in a remarkable way in explaining the very 
striking observations of Debye and Sears? who found a characteristic varia- 
tion of the intensity of the higher orders of the diffraction spectrum when 
the angle between the incident beam of light and the plane of the sound 
waves was gradually altered. 

We shall first set out a simple geometrical argument by which the changes 
in the diffraction phenomenon which occur with increasing obliquity can 
be inferred from the results already given for the case of the normal incidence. 
An analytical treatment then follows which confirms the results obtained 
geometrically. 

2. Elementary Geometrical Treatment. 

The following diagrams illustrate the manner in which the amplitude of 
the corrugation in the emerging wave-front alters as the incidence of light 
on the planes of the sound waves is gradually changed. In the diagrams, 





1 ¢. V. Raman and N. S. Nagendra Nath, Proc. Ind. Acad. Sci., 1935, 2, 406—412. 
2 P. Debye and F. W. Sears, Proc. Nat. Acad. Sci. (Washington), 1932, 18, 409. 
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the planes of maximum and minimum density caused by the sound waves 
at any instant of time are indicated by thick and thin lines (e.g., AB and CD) 
respectively. The paths of the light rays are represented by dotted lines in 
Figs. 1 (b), (c) and (d). As we are mainly interested in the calculation of the 
phase-changes which the incident wave undergoes before it emerges from 
the cell, the bending of the light rays within the medium may, in virtue of 
Fermat’s well-known principle, be ignored without a sensible error, provided 
the total depth of the cell is not excessive. 


@ 
° po 2 r. 
. = 2 A 
a e ~ at * ¢ 
«c) 


(dd) 


\ 


Fic. 1. 


Considering the variation in the refractive index to be simply periodic, 
the neighbouring light-paths with maximum and minimum optical lengths 
AB and CD respectively, in the case of normal incidence, are shown in Fig. 1(a), 
The lines AB and CD are separated by A*/2_ where A* is the wave-length of 
the sound waves. The difference between the maximum and the minimum 
optical lengths gives a measure of the corrugation of the wave-front on 
emergence. Considering now a case in which the light rays make an angle ¢ 
with the planes of the sound waves, we may denote the maximum and 
the minimum optical lengths by A’B’ and C’D’ respectively. These would 
be symmetrically situated with respect to AB and CD, and would tend to 
coincide with them as ¢ is decreased. The optical length of A’B’ is Jess than 
that of AB, for the refractive index at any point except at O is less than 
the constant maximum refractive index along AB, ¢ being small. On the 
other hand, the optical length of C’D’ is greater than that of CD, for the 
refractive index is minimum along CD. A simple consideration of the 
above shows that the difference between the optical lengths of A’B’ and 
C’D’ is less than that between those of AB and CD. As this difference 
gives twice the amplitude of the corrugation of the emerging wave-front, 
it follows, in the case shown in Fig. 1 (b), that the amplitude of the 
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corrugation of the emerging wave-front is less than that in the case 
of Fig. 1 (a). 

Fig. 1 (c) illustrates a case when the maximum optical length is just 
equal to the minimum optical length. This occurs when the direction of 
the incident beam is inclined to the planes of the sound-wave-fronts at an 

, * |< 

angle a, given by tan = = tan” ty = tan (A*/L). That the optical 
lengths of A’B’ and C’D’ in Fig. 1 (c) are equal follows by a very simple 
geometrical consideration. Thus, when light rays are incident on the sound 
waves at an angle tan (A*/L), the amplitude of the corrugation of the 
emerging wave-front vanishes, 7.¢., a plane incident beam of light remains 
so when it emerges from the medium. This result would also be true when- 
ever a, = tan (ndA*/L), n+ 0. The case when n= 2 is illustrated in Fig. 
1(d). In all these cases the diffraction effects disappear. As the corrugation 
vanishes when ¢ is a,,4; or a,, there is an intermediate direction which makes 
an angle f,, with the sound waves giving the maximum corrugation if light 
travels along that direction. We can take B,(= 0) to represent the case 
when the incident beam of light is parallel to the sound waves. 

Thus, we have deduced that the corrugation of the emerging wave- 
front is maximum when the direction of light is parallel to the sound waves 
[8,(= 0)], decreases steadily to zero as the inclination ¢ between the incident 
light and the sound waves is increased to a,, increases to a smaller maximum 
as ¢.increases from a, to f,, decreases to zero as ¢ increases from f, to ag, 
increases to a still smaller maximum as ¢ increases from a, to f,, and so 
on. (I) 

As the variation of the refractive index is simply periodic along the 
direction normal to the sound-wave-fronts, it follows that the optical length 
of the light path is also simply periodic along the same direction when 
the incident light rays are parallel to the sound waves. This means that 
the corrugation of the emerging wave-front is also simply periodic. When 
the incident light rays are incident at an angle ¢ to the sound waves, the 
optical length of the light path would be simply periodic in a direction 
perpendicular to the light rays. This means that the emerging wave-front 
would be tilted by the angle ¢ about the line of the propagation of the 
sound waves and that its corrugation would be simply periodic along the 
same line. 

We have shown in our previous paper that a simply periodic corrugated 
wave is equivalent to a number of waves travelling in directions which 


make angles, denoted by @, with the direction of the incident beam given 
by ‘ 
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sin 0 = + = 
where A is the wave-length of the incident light. In view of the results 
obtained in the previous paragraph, the formula (1) would also hold good 


when the incident light is a small angle with the sound waves. 


n (an integer) > 0 wi -- (Ij 


The relative intensities of the various diffraction spectra which depend 
on the amplitude of the corrugation should obey a law similar to the one 
in the case of the normal incidence. 


Thus, we find that the results in the case of an oblique incidence would 
be similar to those of the normal incidence with the amplitude of the corruga- 
tion modified. Hence, we deduce, in virtue of the statement I, the following 
results, assuming the results, in the case of normal incidence, obtained in 
our earlier paper. 


The diffraction spectrum will be most prominent when ¢=0. The 
intensity of the various components wander when ¢ is increased. When ¢ 
increases from zero to a,, the number of the observable orders in practice 
decreases and when ¢ = a, all the components disappear except the central 
one which will attain maximum intensity. This does not mean that the 
intensities of all the orders except the central one decrease to zero mono- 
tonically as ¢ varies from zero to a,, but some of them may attain maxima 
and minima in their intensities before they attain the zero intensity when 
@ =a,. This is obvious in virtue of the property that the intensity of the 
mth component depends on the square of the Bessel function J,. As ¢ 
increases from a, to f, the intensity of the central component falls and 
the other orders are reborn one by one. As ¢ increases.from f, to ag, the 
number of observable orders decreases and when ¢ = a, all the orders vanish 
except the central one which will attain the maximum intensity and so on. 


3. Analytical Treatment. 


In the following, we employ the same notation as in our earlier paper. 
The optical length of a path in the medium parallel to the direction of the 
incident light making an angle ¢ with the sound waves may be easily calcu- 
lated. Itis 

L sec d 
f p(s)ds 


L sec d 
Hol, sec @ — pw [sin b(«—ssin ¢)ds. 
9° . 
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Integrating we obtain the integral as 


Hol, sec d6— > E 


nd {sin (61, tan ¢) sin 6x +[cos (61, tan ¢)—1] cos bx}. 
The last term can be written as 

—A sin bx +- B cos bx 
where 


a 
ae sin (OL, tan ¢) 
ae = <a 
B= Sane [cos (OL, tan ¢) —1]. 
Thus the optical length of the path can be written as 


Hol, sec 6 — (A? +B?) sin b (« — tan! a) 
Ignoring the constant phase factor, the optical length is 
HoL secd — at sin (Meine) sin bx. 


n ¢ 
If the incident light is 


exp [ 2niv (1 = zsin ey) 


when it arrives at the face of the cell, it will be 
L sec d 


exp [= (ct - asing — Jus das | 


when it arrives at the face from which it emerges. 

The amplitude of the corrugated wave at a point on the screen whose 
join with the origin has its x-direction-cosine /, depends on the evaluation 
of the diffraction integral 

Pls 
bL tan ¢\ . } 

Jes [7 i *{(—sin g)x + rir ts sin (—"*) sin bx |ax. 
The evaluation of the integral and the discussion of its behaviour with respect 
to 1 may be effected in the same way as in our earlier paper. Maxima 
of the intensity due to the corrugated wave occur in directions making 
angles, denoted by 0, with the direction of the incident beam when 

sin(@+¢4) — sind = + 7 n (an integer) > 0 oo. Ue 


The relative intensity of the mth order to the nth order is given by 


Jm*(v) 
Ju*(v) 
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ae 2 ‘ bL tan ¢ 
a bsind sin ( 2 ) 
. : 
= Saute sec d ume where ¢ = Dies = mh tens 
The expression for the relative intensities in our earlier paper can be 


, i ‘ QrpL, 
obtained from (2) by making ¢ — 0 when v—> ——— So the 





expression for the relative intensities 


Jim? (Yo)/ Jn? (Yo) o $v id a an 
in the case of normal incidence will change to 

Jm*(v)/J,.7(v) 
where 

v = Usecd = : 


and 
7L tan ¢ 


A* 
Even if ¢ be small so that sin dR tan¢ds ¢, it is not justifiable to write 
sin tt unless mLg/A* is also small to admit the approximation. As 
nL/A* is sufficiently large we should expect great changes in the diffraction 
phenomenon even if ¢ be a fraction of a degree. v vanishes when 


ows 


t= nt m (an integer) > 0, 
that is, when L tan ¢d = nA*, 


or 


n* 
¢ = tan” -; n (an integer) > 0, 


confirming the same result obtained geometrically. Whenever v vanishes, 
it can be seen that the amplitude of the corrugation of the wave-front also 
vanishes. The statement I in Section 2 and the consequences with regard 
to the behaviour of the intensity among the various orders can all be 
confirmed by the expression (3). 


In the numerical case when L, = 1 cm., and A* = 0-01 cm., the amplitude 
of the corrugation vanishes tan a, = 0-01 or a, = 0° 34’. This means that 
as @ varies from 0° to 0° 34’, the relative intensities of the various orders 
wander according to (2) till when ¢ = 0° 34’, all the orders disappear except 
the central one which attains maximum intensity. This does not mean 
that the intensities of all the orders except the central one decrease mono- 
tonically to zero but they may possess several maxima and minima _ before 
they become zero. The intensity of the mth order depends on the behaviour 
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5 sin (7L tan an | ; ae 
of Jn [e sec ¢ (aL tan ¢/\*) under the above numerical conditions 


as ¢ varies from 0° to 0° 34’. Asd@ just exceeds 0° 34’, all the orders are 
reborn one by one till a definite value of 4 after which they again fall one 
by one and when ¢ = 1° 8’, all the orders disappear except the central one. 

The numerical example in the above paragraph shows the delicacy of the 
diffraction phenomenon. If the wave-length is quite small, the diffraction 
phenomenon will be present in the case of the strictly normal incidence 
as the relative intensity expression (3) does not depend on A* but will soon 
considerably change even for slight variations of ¢ as the relative intensity 
expression (4) depends on A*. One should be very careful in carrying out 
the intensity measurements in the case of normal incidence, for even an error 
of a few minutes of arc in the incidence will affect the intensities of the 
various orders. 

4. Comparison with the experimental results of Debye and Sears. 


Debye and Sears make the following statement in their paper: “Fixing 
the attention on one of the spectra preferably of higher order, one can observe 
that it attains its maximum intensity if the trough is turned through a 
small angle such that the primary rays are no longer parallel to the planes 
of the supersonic waves. Different settings are required to obtain highest 
intensities in different orders. If the trough is turned continuously in one 
direction, starting from a position which gave the highest intensity to one 
of the orders, the intensity decreases steadily, goes through zero, increases 
to a value much smaller than the first maximum, decreases to zero a second 
time and goes up and down again through a still smaller maximum.” This 
statement very aptly describes the behaviour of the function 

j /r\* 
Ja! [w seo 4 Sn foh-ten $9) 
as ¢ alters under the conditions imposed in the above statement. The 
zeroes and the maxima of the intensity of the nth order, as a function of 4, 
correspond to the zeroes and the maxima of the above function. 
5. Summary. 


The theory of the diffraction of light by sound waves of high frequency 
developed in our earlier paper is extended to the case when the light beam 
is incident at an angle to the sound wave-fronts, both from a geometrical 
point of view and an analytical one. It is found that the maxima of 
intensity of the diffracted light occur in directions which make definite angles, 
denoted by 0, with the direction of the incident light given by 

na 


sin (0+¢) — sind = + ye (an integer) > 0 
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where A and A* are the wave-lengths of the incident light and the sound 
waves in the medium. The relative intensity of the mth order to the mth order 


is given by 
Sm® (+ sec ¢ ~ ) / Jx° ( sec p — ) 


Set ¢ = er. is the inclination of the incident 
beam of light to the sound waves, w is the maximum variation of the 
refractive index in the medium when the sound waves are present and 
I,sec @ is the distance of the light path in the medium. These results 
explain the variations of the intensity among the various orders noticed 
by Debye and Sears for variations of ¢ in a very gratifying manner. 








where v) = 
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Cassia absus, Linn. (N. O. Leguminose ; vernacular, Chaksu) is an erect 
annual plant, 1 to 2 ft. high, occurring throughout India and Ceylon. Its 
flat oblong seeds, dark and about 1/10” contain a kernel used in the treat- 
ment of ophthalmia and skin affections and as a cathartic. 


The presence of an alkaloidal principle in the drug has been previously 
reported.2 As a result of the present investigation two water soluble, 
isomeric quaternary bases have been isolated as carbonates in a total yield 
of about 1-5 per cent. of the kernel. These bases which the authors propose 
to call chaksine and isochaksine appear to have the molecular formula 
C.H,,0,N, based on the analysis of their salts. 

The separation of the bases was facilitated by the sparing solubility of 
chaksine iodide and sulphate in water and alcohol and of the carbonate in 
alcohol, the corresponding isochaksine salts being easily soluble. Neither of 
the bases could be isolated pure owing to the avidity with which they absorb 
CO, from the air, chaksine forming an acid carbonate and isochaksine a 
neutral carbonate. No indication of isomerisation was noted on long heat- 
ing of chaksine salts in various solvents but chaksine is partially isomerised 
when liberated from its iodide and completely converted into isochaksine 
when its sulphate is treated with barium hydroxide. The alcohol-acetone 
soluble iodide after separation of chaksine iodide directly gave isochaksine 
picrate showing isochaksine to be present originally in the seeds and not 
formed by isomerisation in the process of isolation. 

Chaksine iodide appears to have no methoxyl or N-methyl groups. 
Both the bases are mono-acidic but one of the two remaining nitrogen atoms 





1 Kirtikar and Basu, Indian Medicinal Plants, Vol. 1, p. 478. 


* Dymock, Pharm. Indica, Vol. 1, p. 525 ; also noted in the course of a preliminary 
examination of the seeds, carried out by one of us (2. A.) in the Tibbia College, Muslim 
University, Aligarh. 

421 


Al F 





422 Salimuzzaman Siddiqui and Zafaruddin Ahmed 


appears to be mildly basic as the platinum double salts seem to be derived 
from a chloride hydrochloride (C,,.H.,ON;HC1)Cl. While the Pt. double 
salt of isochaksine appears to be stable at 120° 7m vacuo, the chaksine salt 
loses a molecule of HCl from the weaker basic nucleus. Investigation on 
further elucidation of this point and studies on the two bases will be under- 
taken after collection of fresh material. Preliminary experiments on the 
pharmacological action of the bases, with dilute aqueous solution of chaksine 
sulphate on frogs, show it to be a general depressent of heart, respiration 
and nerves, the lethal dose in the case of frogs being 0-1 g. per kg. 


Experimental. 


After a series of preliminary experiments, 3-6 kg. of well-powdered 
kernel were percolated six times in the cold with 0-3 per cent. methyl alco- 
holic HCl during a fortnight. The combined percolates were neutralised 
with ammonia, made acidic with acetic acid, and the alcohol distilled off 
under reduced pressure below 40°. The brownish yellow, syrupy residue 
was freed of the oily matter by exhausting it with ether. 


Isolation of chaksine and isochaksine iodides.—The residue was freed of 
ether on the water-bath and taken up in about 2 litres of water, acidified 
with a little dilute HCl, in which it was completely soluble. Potassium 
iodide (50 g.) was slowly added when on standing in the cold chaksine iodide 
separated as a thick whitish crystalline mass, which was sucked in the filter 
and successively washed with 5 per cent. potassium iodide solution, alcohol, 
acetone and ether. 30g. crude iodide thus obtained yielded 25 g. chaksine 
iodide on crystallisation from a mixture of alcohol and water, the melting 
point being unaltered on further recrystallisation. The residue from the 
washings and the alcohol-water mother liquors of the iodide yielded on 
recrystallisation after charcoaling, a further crop of 12g. pure chaksine 
iodide. 

The residual base was precipitated from the combined aqueous filtrates 
and washings from chaksine iodide with an alcoholic solution of mercuric 
chloride. The thick, dark brown, pasty precipitate was washed with hot 
water, dissolved in 5 per cent. alcoholic HCl] and sulphuretted hydrogen 
passed through the solution under gradual dilution with water till all the 
mercury was removed. ‘The filtrate was freed of H,S, ammoniated, acidulated 
with acetic acid and concentrated down to a small volume iu vacuo, the 
black non-alkaloidal resinous matter, which separated out, being neglected. 
The clear reddish solution, thus obtained, was charcoaled and cooled, when 
a fresh crop of pure chaksine iodide (9 g.) was obtained, the total yield of 
chaksine iodide being 46 g., or 1-3 per cent. of the weight of the kernel. 
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further addition of potassium iodide gave a semisolid iodide which was 
almost completely soluble in acetone containing a little alcohol (about 5 : 100), 
in which chaksine iodide is insoluble. On purifying this iodide in acetone 
solution by adding a little ether and petroleum ether to remove any persistent 
impurity of chaksine iodide and the colouring or resinous matter and re- 
moving the solvent from the supernatant solution, isochaksine iodide was 
obtained as a water and alcohol-acetone soluble, reddish yellow paste which 
failed to crystallise, its yield being about a tenth of that of chaksine iodide. 


In a subsequent working of 2-5 kg. of the kernel, chaksine was separated 
through its insoluble sulphate by treating the water soluble portion of the 
methyl alcoholic HC1 extract with sodium sulphate, whereby 30g. crude 
sulphate (25g. pure iodide) were obtained, the isochaksine iodide being 
obtained from the filtrates in the manner detailed above. 

Chaksine (CyH.,O.N,) and chaksine bicarbonate (Cj.H:,ON,HCO,).—- 
53g. chaksine iodide were dissolved in 50c.c. alcohol in the hot and the 
solution treated with freshly precipitated silver hydroxide from 4-5 g. silver 
nitrate, filtered, and the residue extracted with hot alcohol. ‘To the slightly 
greenish yellow filtrate was added an equal volume of ether (200 c.c.) and 
about 50c.c. of petroleum ether, the dirty greenish precipitate being re- 
dissolved in alcohol and treated with ether-petroleum ether. The precipi- 
tate was neglected and the combined filtrates were further purified by addi- 
tion ot a little petroleum ether till a nearly colourless silver-free solution 
(about 500 c.c.) was obtained which was allowed to evaporate in an open 
dish. A greenish, crystalline powder was obtained which crystallised out 
in stars of needles on slow evaporation of an alcoholic solution. It dissolved 
with frothing in dilute acids and melted at 167-69° with frothing. The 
alcoholic washings of this crystalline product yielded a further quantity of 
the same product and an alcohol soluble base forming a greenish sticky residue 
which was strongly alkaline to litmus in aqueous solution and on rubbing 
with petroleum ether was converted into an alcohol soluble carbonate which 
proved to be the normal carbonate of isochaksine, as obtained directly from 
isochaksine iodide. ‘The air-dried crystalline carbonate of chaksine appeared 
to contain 4 a molecule of water. (Found: C, 53-38; H, 8-15; N, 14-58; 
CuH,ON;.HCO, + 3 H,O requires C, 53-42; H, 7-54; N, 14-54 per cent.) 
On heating to constant weight at 100° im vacuo lost 3-47 per cent. ; required 
for } H,O, 3-10 per cent. (Found after dehydration: C, 55-06; H, 8-12; 
N, 15-31; C,gH.,ON,.HCO, requires C, 55-12; H, 7-42; N, 14-84 per cent.) 

When chaksine is liberated from its iodide in aqueous solution or alcohol 
and the solvent is removed in vacuum the base is obtained as a reddish 
treacle soluble in water and alcohol, difficultly soluble in acetone, insoluble 
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in ether and petroleum ether. This product, however, was contaminated 
with silver to the extent of about 5 per cent., was not completely free of 
chaksine carbonate and apparently also contained some isomerised chaksine, 
as the melting point of the picrate from its solution in HCl was about 10° 
lower than that of pure chaksine picrate. Attempts to isolate the pure base, 
uniform enough for analysis, did not succeed. In its impure form it had 
fa]p= +32° in absolute alcohol (C, 1-0). 

Chaksine iodide came out as a thick crystalline precipitate on adding 
a concentrated solution of KI to a solution of the carbonate in dilute acetic 
acid. On recrystallisation from absolute alcohol it formed colourless needles, 
which after drying in vacuum shrink at 150° and melt at 168° (decomp.). 
After Zeisel’s method it was found to contain no methoxyl group. After 
Herzig and Meyer’s method it was found to contain no N-methyl. It is very 
sparingly soluble in water and alcohol, insoluble in acetone and ether. 
(Found after drying at 100° im vacuo; I, 34-90; CyHaON,I requires I, 
36-39 per cent.) 

Chaksine sulphate was obtained by adding a concentrated solution of 
sodium sulphate to a solution of the carbonate in dilute acetic acid as a 
thick, snow-white, crystalline mass. It is sparingly soluble in hot alcohol or 
water, fairly soluble in saline water or alcohol acidulated with HCl. On 
recrystallisation from water it forms colourless silky needles, which begin 
to colour at 290°, shrink at 312° and melt at 316° (decomp.) the m.p. of the 
sulphate originally obtained from the alcoholic extract of the kernel being 16° 
lower. [Found after Carius: S, 5-7; by direct precipitation from its aqueous 
solution with BaCl,, 5-85; (C,.H,ON;),5O, requires S, 5-93 per cent.] 

Chaksine picrate was obtained as a bright yellow, crystalline powder 
on adding aqueous picric acid to a solution of the carbonate in dilute hydro- 
chloric acid. It is very sparingly soluble in water and alcohol, begins to 
redden and shrink at 225° and melts at 239-40° (decomp.). 

The platinum salt of chaksine.-—On adding 10 per cent. solution of platinic 
chloride to a solution of the carbonate in dilute HCl the platinate came out 
in orange yellow crystalline needles, difficultly soluble in water and melting 
at 232° (decomp.). After drying at 100° it gave C, 30-66 ; H, 4-51, N, 9-60; 
Cl, 30-16; Pt. 21-00; (C,.H»ON,HC1),Cl,.PtCl, requires C, 31-12; H, 4°35; 
N, 9-08; Cl, 30-69; Pt, 21-10 per cent. On heating to constant weight at 
120° [Found : Pt. 22-60; (CygHagON,)oCl,PtCl, requires Pt, 22-90 per cent.] 

Isochaksine, (CjgH2,C.N,) and isochaksine carbonate (C,.H2,ON,)2CO3— 
On treating an alcoholic solution of isochaksine-iodide with freshly precipitated 
silver hydroxide and purifying the filtrate with ether and petroleum ether 
isochaksine was obtained as a cream coloured hygroscopic treacly mass, 
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easily soluble in water and alcohol and strongly alkaline to litmus. It appears 
to be less inclined to form a carbonate than chaksine and it took much 
longer to.get converted into uniform carbonate on mere exposure to the air. 
The carbonate, however, was easily obtained on treating it with petroleum 
ether saturated with carbon dioxide as an amorphous powder which 
was easily soluble in cold alcohol, insoluble in ether and petroleum ether, 
began to sinter at 108° and frothed up at 128°. Isochaksine carbonate was 
also obtained when chaksine carbonate was heated for about an hour on 
the water-bath in alcoholic solution. Also, when a solution of chaksine 
sulphate in methyl alcohol, containing a little dilute sulphuric acid, was 
treated with barium hydroxide solution and the excess of the hydroxide 
removed as carbonate, isochaksine carbonate was obtained on removal of the 
solvent from the final filtrate on the water-bath. In which-ever manner 
obtained, isochaksine or its carbonate did not yield a crystalline iodide or 
sulphate which could be characterised through its sparing solubility in water 
oralcohol. [After drying the carbonate to constant weight at 100° found: C, 
58-74; H, 8-57; N, 16-31; (CjgH.ON;).CO, requires C, 59-52; H, 7-93; 
N, 16-66 per cent.] A little low carbon value may be due to its contamina- 
tion with persistent impurities as bicarbonate of chaksine or isochaksine 
which requires only 55-12 per cent. carbon. 


Isochaksine chloride-—On adding ethereal HCl to a solution of the base 
in a mixture of absolute alcohol and’ ether, the chloride came out as a 
colourless oil which on rubbing and washing with dry ether turned into a 
white, extremely hygroscopic, crystalline powder. It is easily soluble in 
water and alcohol and after drying in vacuum apparently begins to give off 
moisture at 90° with frothing, turning iuto a brittle mass, which melts at 
250-52° without reddening. (Found after drying at 100° 7m vacuo: Cl, 13-56 ; 
C2H,,ON,Cl requires Cl, 13-78 per cent.) 


Isochaksine picrate, obtained in the same manner as that of chaksine, 
was a bright yellow powder melting at 184° as against 230°, noted for chak- 
sine picrate. 


Isochaksine platinate, prepared as in case of chaksine, formed an orange- 
yellow, granular powder, difficultly soluble in water and alcohol. After 
drying at 100°, it shrinks at 165° and melts with frothing at 172°. 
[Found after heating to constant weight at 120° im vacuo: Pt, 20-95, 
21-1; (C,g.H,,ON,HC1),Cl,.PtCl, requires Pt. 21-1 per cent.] 


One of the authors (Z. Ahmed) takes this opportunity to thank the 
authorities of the Tibbia College, Muslim University, Aligarh, for the grant 
of a scholarship, which enabled him to take part in these investigations. 
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IN a series of communications! on the alkaloids of Holarrhena Antidysenterica 
the author and his collaborators have dealt at length with the isolation of a 
number of subsidiary alkaloids of conessine from the bark and the seeds of 
the Indian Holarrhena, and largely cleared up the confusion existing about 
their uniformity and chemical character by establishing the mutual relation- 
ship between the non-oxygenous bases of the plant. Further studies by the 


author in the same problem have led to the conclusion that all the alkaloids 
:N—CHs 

: N= (CHa): 
most of them differing from it only in the number and position of 


N-methyls in their molecules. In view of these findings, which would be 
shortly communicated, the investigations in the alkaloids of the plant take 
on a new aspect and are virtually simplified to studies in the molecule of 
the chief alkaloid, conessine, which has now become easily accessible owing 
to the enormous increase in its yield (from 0-1 to 0-8% approximately) 
through the direct methylation of the mixture of secondary bases occurring 
in the plant. The author consequently started a fresh series of investigations 
aiming at a deeper insight into the molecule of conessine from various stand- 
points. The present paper, which is the first of this series, deals with the 
isomerisation of conessine and its nor-bases, isoconessimine, (C,;H,,N.), and 
conimine, (Cj.H;,N.), effected through the action of concentrated sulphuric 
acid on the corresponding bases in the cold. 


of the plant bear a simple relationship to conessine, C,,H,, 


Warnecke? noted that conessine dissolves to a colourless solution in 
sulphuric acid (conc.) which on warming or long standing turns bright yellow 
and then green, and on subsequent slow absorption of moisture (or gradual 
addition of water) becomes dark blue and finally bright violet. This colour 


1S. Siddiqui and P. P. Pillay, J. Indian Chem. Soc., 1932, 9, 553. 
S. Siddiqui, J. Indian Chem. Soc., 1934, 11, 283-91. 
S. Siddiqui and R. H. Siddiqui, J. Indian Chem. Soc., 1934, 11, 787. 
2 Warnecke, Ber., 1886, 19, 60. 


426 





ee ae eee a ll ~— cna ae 


an 


a> 


Studies in the Conessine Series 427 


reaction was confirmed by the subsequent authors*® who studied the reaction 
as a characteristic of conessine. At the same time Warnecke observed that 
oxy-conessine, which he obtained through the action of iodic acid on conessine, 
directly dissolved in sulphuric acid to a yellow solution, which quickly turned 
yellowish green and finally deep red. Taking into consideration the compara- 
tive behaviour of conessine and oxy-conessine in H,SO, and on the basis of his 
own observations in this colour reaction in the case of conessine and the 
secondary bases isolated by the author (loc. cit.), it appeared very likely that 
the sequence of colours noted on solution of the non-oxygenous bases of the 
series and gradual addition of water to the solution was due to a process of 
gradual oxidation. That Giemsa and Halberkann (loc. cit.) had later on 
succeeded in oxidising oxy-conessine with a mixture of 20% sulphuric acid 
and chromic acid to what they considered to be an amino acid answering to 
the formula C..H;,NO,, lent further support to this view. 


A careful study of the action of sulphuric acid on conessine under vary- 
ing conditions of temperature, time of reaction and method of working 
up the reaction product amply justified the expectations, and a series of 
products apparently representing various grades of oxidation and directly 
giving green or violet colouration with sulphuric acid were obtained. A 
thorough study into these products, however, has been postponed for the 
present, owing to the fact that the attention of the author had to be first 


devoted to the study of the most interesting product of this reaction, which 
proved to be an isomer of conessine, and has therefore been named as iso- 
conessine. 


When a solution of conessine in sulphuric acid was allowed to stand at 
room temperature (mean 40° C.) for 24 hours or heated for half an hour on 
the water-bath, no iso-conessine could be obtained from the reaction mixture, 
the basic products obtained thereby being bright yellow amorphous powders 
partly soluble and partly insoluble in water, the later fraction also indicating 
the presence of an acidic group in the molecule. When water was slowly 
added to a solution of conessine in sulphuric acid (conc.) immediately 
after its preparation at room temperature till the sequence of colours from 
teddish yellow to violet was completed, about 20%, of iso-conessine was 
obtained through its sparingly soluble hydroiodide. When, on the other hand, 
conessine was carefully dissolved in concentrated sulphuric acid in the cold, 
the evolution of sulphur dioxide fumes otherwise copiously produced in the 


3 Polstorff, Ber., 1886, 19, 1682. 
Ulrici, Arch. Pharm., 1918, 256, 57. 
Giemsa and Halberkann, Arch. Pharm., 1918, 256, 201. 
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process being thus limited to a minimum and the well-cooled solution was 
slowly poured over a large quantity of pounded ice with constant and vigorous 
stirring, the yield of isoconessine increased to about 80%, the oxidation 
products forming only about 15 to 20% of the quantity of conessine taken, 


Parallel studies with iso-conessimine and conimine gave similar results 
though the action of sulphuric acid was not so energetic as in the case of cones- 
sine, and from each of them the corresponding isomers could be isolated 
through the respective sparingly soluble hydroiodides without much difficulty, 


None of these isomers, which form nearly colourless treacles and are 
readily soluble in all the usual organic solvents, could be so far induced 
to crystallise from any of them, but all their salts crystallise with especial 
readiness in well-defined characteristic forms. ‘The uniformity of the bases 
was in each case tested through a process of fractional crystallisation of the 
hydroiodide and, in the case of iso-conessine, also with the help of fractional 
distillation and determination of the optical activity of the different fractions 
thereby obtained, the melting points and mixed melting points of the 
corresponding hydroiodides serving as a further check. 


An interesting feature about the isomers of the conessine series is that 
their optical activity is about thrice as pronounced in the positive direction 
as in the case of the corresponding bases of the conessine series. Still more 
significant is the fact that, so far as could be judged from parallel experi- 
ments on the action of conessine and isoconessine on the respiration of frogs, 
the latter base is about thrice as potent as the former. ‘This is a factor, 
indeed, which promises to place the therapeutic value of the Holarrhena 
alkaloids on quite a different plane, and carries the likelihood of iso-conessine 
eventually proving to be one of the most potent medicines in combating 
amcebic dysentery. 


The experimental portion of the paper gives in each case only the best 
method worked out for obtaining the different isomers and does not include 
the details of studies in the action of sulphuric acid, which would be taken 
up in a subsequent communication on the oxidation products referred to above. 
The isomer of iso-conessimine, which has been named as iso-nor-iso-conessine* 
to avoid confusion in the nomenclature of the two mono-secondary bases of 
the conessine group, namely, conessimine and iso-conessimine, has been noted 
to form benzoyl and acetyl derivatives, but these are not described in the 
experimental part, as they could not so far be induced to crystallise or yield 


4 The name “nor-iso-conessine” has been reserved for the isomer of conessimine, which 
could not be studied for the present owing to lack of sufficient quantity of the base. 
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products ptire enough for analysis. Its secondary character could, however, 
be satisfactorily fixed through the nitrogen and chlorine estimations of the 
crystalline hydrochloride of its nitroso derivative. Iso-conimine also yielded 
non-basice benzoyl, acetyl and nitroso derivatives, of which the two latter 
could be obtained pure enough to give fairly satisfactory analyses and have 
been described in the experimental part. 


The iso-bases were found to contain the same number of N-methyis 
(determined in the hydroiodides) as the corresponding bases of the conessine 
series. The fixing up of a single double bond in iso-conessine presented 
special difficulty as on titration against bromine in chloroform solution a 
major portion of the base is converted into a crystalline product, which proved 
to be iso-conessine dihydrobromide, from which iso-conessine was liberated 
and identified. In glacial acetic acid solution also the major fraction of the 
base was obtained as dihydrobromide on treatment with 2 molecules of 
bromine, and the bromination product, formed thereby, could not be obtained 
in a characterisable condition. Ulrici (loc. cit.) noted that on liberation 
of the base from the bromination product of conessine only a mono-bromo 
derivative could be obtained, one bromine having been secondarily eliminated 
as HBr. The same thing apparently happens with greater readiness in the 
case of iso-conessine, the HBr eliminated from the initially formed addition 
product being taken up by the major portion of the unchanged base 
which is thrown out of solution as the hydro-bromic acid salt. The 
quantity of iso-conessine hydrobromide obtained in this case makes it even 
probable that the fresh double bond produced by the elimination of HBr 
preferentially adds on further bromine and HBr is subsequently eliminated 
till all the iso-conessine has been precipitated out as dihydrobromide. A 
single double bond in the iso-conessine series could, however, be conclusively 
established by titration of the non-basic diacetyl iso-conimine against 
bromine in chloroform solution in the cold whereby two atoms of -bromine 
were used up yielding the brominated product as a cream-coloured crystalline 
powder. 


The nature of the change introduced into the molecule of conessine 
through its isomerisation is not yet clear. From the facts stated above, 
however, it appears quite certain that concentrated sulphuric acid initially 
changes conessine into iso-conessine, which in turn is slowly oxidised. 
Comparative studies in the relationship between the chemical characteristics 
and pharmacological action of conessine and iso-conessine have also been 
taken up and some interesting results already obtained, which will be shortly 
communicated. 
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Experimental. 

Action of concentrated sulphuric acid on conessine.—50 g. conessine were 
added in small portions to 150 c.c. H,SO, (conc.) with efficient ice cooling and 
constant shaking. Complete solution was effected in about half an hour. 
The colour of the solution which was initially bright yellow changed into deep 
red and sulphur dioxide fumes were evolved in the process of solution. 
Before the colour began to darken the solution was very slowly added on to 
about 2 kg. of well-pounded ice in a large beaker with constant and vigorous 
stirring when a dirty yellow aqueous solution was obtained. On making the 
solution alkaline with NaOH the base was liberated as a straw-coloured, 
emulsive oily product which was shaken out with ether. From the ethereal 
solution the base was shaken out with dilute acetic acid and a concentrated 
aqueous solution of potassium iodide added till it was distinctly turbid. On 
cooling the hydroiodide immediately began to crystallise out, vielding 50 g, 
of nearly colourless hydrojodide (m.p. 322—23°) after a single crystallisation 
of the crude, crystalline precipitate from methanol. The combined mother 
liquors yielded after liberation of the base and a tedious process of purifica- 
tion 5 g. more of the above hydroiodide and about 10 g. of a slightly reddish 
treacle, which did not form a water or alcohol insoluble hydroiodide or oxalate, 
and therefore appeared to be free of both conessine and iso-conessine. From 
the combined alkaline aqueous layers, left after removal of the ether soluble 
base, about 5 g. of a flesh-coloured, ether insoluble, benzol and water-soluble 
powder were obtained on shaking out with chloroform. This as well as the 
reddish treacle, mentioned above, appear to form the products of oxidation of 
conessine and would be discussed in a subsequent paper. 

The total hydroiodide obtained above (55 g.) was dissolved in 10% 
acetic acid (about 500 c.c.) in the hot, treated with charcoal and fractionally 
crystallised, whereby three successive fractions of 24 g., 17 g. and 6 g. were 
obtained, which melted between 324° and 25°, no depression in the melting 
point being perceptible on admixture of the first and the third fractions. 
The mother liquor which had got coloured in the process of concentration on 
the water-bath yielded after purification through the base and subsequent 
treatment with charcoal in acetic acid solution, about 4 g. more of the colour- 
less hydroiodide melting at 325-26°. 

Iso-conessine. 

Tso-conessine, (CosHg N-).—50 g. pure hydroiodide were dissolved in 10% 
acetic acid in the hot and the base liberated with caustic soda solution in the 
cold when it came out in white flocks which appeared to form a crystalline 
silky mass in the cold but turned buttery at room temperature. Taken up in 
ether, dried over sodium sulphate and freed of the solvent completely im 
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vacuo, iso-conessine was obtained as a light straw-coloured treacle which 
was easily soluble in all the usual organic solvents and failed to crystallise 
from any of them. It distils at 239-41°/3 mm. andin 1% absolute alcoholic 
solution showed [a]?° = + 97°. On fractional distillation of 7 g. of the base 
into three equal fractions, each of them showed within limits of error the same 
optical activity. Further, the hydroiodide from each of the fractions showed 
the same melting point as the pure hydroiodide from which the base was 
liberated. In sulphuric acid (conc.) it directly dissolves to a bright yellow 
solution and on gradual addition of water gives the same sequence of colours 
as noted for conessine. [On macroanalysis after drying iso-conessine at 110° 
in vacuo, whereby partial volatilisation takes place, Found: C, 80-43; H, 
11:59; N, 8-27; Cy4H, N. requires C, 80-89; H, 11-24; N, 7-87%.] 

Iso-conessine hydrotodide, prepared as noted above and melting at 
325-26° (decomp.), is very sparingly soluble in water and alcohol and crystal- 
lises out of these in aggregates of thin pentagonal plates (Plate XXI, Fig. 1) 
quite distinct from the conessine hydroiodide, which forms bunches and stars 
of stout prismatic rods melting at 308° (decomp.) (Plate XXI, Fig. 2). 
[After drying to constant weight at 100° im vacuo found : CHg3, 7-7; CyHyNe 
2HI requires for (3 N-CH;) CH3, 7-35 %.] 

Iso-conessine hydrochloride.—On adding ethereal HCl to the dry ethereal 
solution of the base, it came out as a white gelatinous mass which turned crys- 
talline on rubbing. It is soluble in hot alcohol, less so in the cold and crystal- 
lises out of its hot concentrated solution on cooling in flat, silky, snow-white 
needles, which soften at 313° and melt at 318°(decomp.) [Conessine HCl browns 
at 335° and melts at 338-40° (decomp.)j. It is readily soluble in water and 
showed in 1° aqueous solution [a]*?°= +72° (Conessine HCl showed in 
1% aqueous solution [a]*° = +15-2°). It crystallises from 96% alcohol 
with 2 molecules of water of crystallisation (Found: H,O, 7-2; 
CyH,N.2HC1-2H,O requires H,O, 7-7%.). After dehydration at 100° in 
vacuo (Found: Cl, 16-58; N, 6-19; C.yHygN2 -2HCI requires Cl, 16-55; N,6-53%). 

Iso-conessine chloroplatinate came out on addition of a 3% aqueous 
solution of platinic chloride to an aqueous solution of the hydrochloride as 
a cream-yellow crystalline mass. It is very difficultly soluble in hot alcohol 
and water and crystallises on concentration of its aqueous solution in clusters 
of needles which begin to darken at 250° and melt at 271-73° [Found: Pt, 
25-44; C,H, N2H.PtCl, requires Pt, 25-47%]. 

Iso-conessine aurichloride.—On adding 5 % aqueous gold chloride solution 
to the aqueous solution of the hydrochloride in the cold, the gold salt was 
precipitated as a granular mass, which soon turned crystalline yielding bunches 
and stars of stout golden yellow needles and rods, sparingly soluble in alcohol 
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or water and melting at 293°-95° (decomp.) [Found: Au, 37-5; 
C,4H,)N.(HC1-AuCl,), requires Au, 38-0 %]. 


Iso-conessine picrate was prepared by adding aqueous picric acid to an 
aqueous solution of the hydrochloride. It is nearly insoluble in water, slightly 
soluble in hot alcohol out of which it crystallises in aggregates of prismatic 
plates and spear-shaped prismatic rods, which darken at 237° and melt at 
240-42° (decomp.). 

Iso-conessine hydrobromide was obtained on adding a concentrated solu- 
tion of KBr to a concentrated aqueous solution of the hydrochloride when 
it separated out in aggregates of white slender needles, which when filtered, 
washed with very little water and dried on a porous plate im vacuo, formed a 
white powder, fairly soluble in alcohol and water, lessso in water containing 
alittle KBr. Crystallised from a litttle hot alcohol it darkens at 315° and 
melts at 318-22° (decomp.). 

The oxalate came out as an oil on bringing together the components in 
acetone solution, and on washing with acetone and drying 7m vacuo over 
phosphorous pentoxide, it formed a cream-coloured amorphous hygroscopic 
powder which in sharp contrast to conessine oxalate was exceedingly 
soluble in alcohol and water and failed to crystallise from any of the solvents. 


Tso-conessine dimethoiodide.—On adding 3-2 g. methyl iodide (4 mols.) 
to a solution of 2 g. base (1 mol.) in 25c.c. acetone and keeping the reaction 
mixture at room temperature (40°), the methoiodide soon began to separate 
in shining silky plates. The reaction, however, appeared to be much slower 
than in the case of conessine as was observed in a parallel experiment. On 
working up the product after keeping the mixture well corked overnight, the 
methoiodide was obtained in nearly theoretical yield. Recrystallised from 
hot alcohol, in which it is sparingly soluble, it formed a colourless crystalline 
powder insoluble in acetone or other organic solvents, difficultly soluble in 
water and melting at 316-18° (decomp.) [I‘ound: I, 40-01; CH, 12-38; 
CogHypNo(CHgl), requires I, 39-7; (for 5 N-CH;) CHs, 12-11%). 


Addition of bromine.—1 -0156 g. isoconessine in 5 c.c. CHCl, was titrated 
against bromine in chloroform solution with ice cooling. Following the titra- 
tion with potassium iodide starch paper it took 0-5092 g. bromine as against 
0-4565 g. required for 1 double bond. The white crystalline product which 
separated out in the course of titration when washed with ether and dried, 
formed 1-02 g. The filtrate gave a little more of the same product on addi- 
tion of ether and petroleum ether. On removal of the solvent from the final 
filtrate by slow evaporation exposed to air, a coloured oily product was 
obtained, which contained bromine, was readily soluble in all the organic 
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solvents, quickly darkened and could not be analysed. The crystalline 
product obtained above showed the same melting point as iso-conessine di- 
hydrobromide (318-22° decomp.), and gave no depression in its melting point 
on admixture with it.5 On liberation of the base it gave iso-conessine which 
was identified through its hydroiodide. Analysed directly it gave too high 
values of bromine due apparently to the tendency of the hydrobromide to 
form an unstable addition compound with bromine, but after heating to 
constant weight at 140° it gave the required value [Found: Br, 30-51 ; 
CyHyN2.2HBr requires Br, 30-88%]. 

In a subsequent experiment 0-9 g. iso-conessine was dissolved in 5 c.c. 
glacial acetic acid and 0 -4045g. bromine (required for 1 double bond) in glacial 
acetic acid (5 c.c.) was slowly added to the solution with cooling. There 
was decolourisation first but the solution got coloured on addition of the 
whole quantity. After standing for about an hour a voluminous white crystal- 
line precipitate came out, which was filtered after keeping for an hour longer, 
washed with glacial acetic acid and finally with a large quantity of ether. 
The product thus obtained was identified as iso-conessine dihydrobromide 
through its melting point and mixed melting point. The base from the 
combined filtrates was nearly colourless in ethereal solution in the beginning 
and on quick evaporation under the fan was obtained as a straw-coloured 
oily residue, which was readily soluble in all the usual organic solvents, failed 
to crystallise from any of them, soon developed a red colour darkening on 
further keeping and was rich in halogen (flame test). 


Action of Sulphuric Acid on Iso-Conessimine. 


10 g. iso-conessimine were added in small portions to 100 c.c. sulphuric 
acid (conc.) with ice water cooling in the beginning and later on at room 
temperature with vigorous shaking. ‘The solution was completed in about 
20 minutes time during which the colour changed from lemon yellow to golden 
yellow, orange and finally orange red. At this stage the solution was added 
onto about 500g. of well-pounded ice with constant stirring. On liberating 
the base from the pale greenish-yellow solution in the cold and repeatedly 
shaking it out with ether, about 8-5 g. of a yellowish treacle were obtained. 
This was dissolved in acetic acid and treated with potassium iodide solution in 
the cold whereby a crystalline hydroiodide (11 g.) and from its filtrate about 
lg. of base which did not form any insoluble hydroiodide were finally obtained. 





5 In respect of the melting points of high melting salts (above 300°) of both conessine 
andiso-conessine series, it may be noted that they largely vary within a range of about 10° 
according to the rate of heating, and all the comparative melting points and mixed melting 
points noted in the paper are based on parallel observations. 
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The hydroiodide was fairly soluble in water when freshly precipitated but in 
the process of recrystallisation it gradually became very insoluble in water 
particularly after drying in the air. Its solubility in ethyl and methyl alcohol 
also decreased in the same proportion. The pure hydroiodide, as obtained 
on washing the crude product with acetone and crystallising it out of water 
after treating the aqueous solution with charcoal in the hot, melted at 289°, 
two subsequent crops melting at 288° and 285-87° respectively. The melting 
point of iso-conessimine hydroiodide as already reported by the author and 
observed in a freshly prepared sample is 316°. 


Iso-N or-I so-Conessine. 


Iso-nor-iso-conessine, Cy,H3,No.—10 g. of the pure hydroiodide obtained 
above were dissolved in hot water and the base liberated with caustic soda 
solution and shaken out with ether. On drying the ethereal solution and 
removing the solvent finally im vacuo at 100°, 6-5 g. iso-nor-iso-conessine 
were obtained as a straw-coloured treacle, which was easily soluble in all the 
usual organic solvents and could not so far be crystallised from any of them. 
In 1% absolute alcoholic solution it showed [a]3°°= + 101° as against 
+ 30° noted for iso-conessimine. [After drying im vacuo at 110° found: C, 
80-20; H, 11-38; N, 7-94; C,sH;,N. requires C, 80-70; H, 11-11; N, 
8 -20%.] 

——hydrotodide, prepared as noted above (m.p. 289° decomp. )is sparingly 
soluble in alcohol and water and crystallised out of these in aggregates of 
white silky rods and plates (Plate XXI, Fig. 3). [Found: CH,, 5-08; 
C.3H,,N,2HI requires (for 2 N-CH;) CH;, 5-02%.] 

——hydrochloride, prepared from the components in ethereal solution, 
is exceedingly soluble in water and alcohol and insoluble in other organic 
solvents and crystallises from a mixture of alcohol and acetone in white 
glistening rectangular plates, melting at 335° (decomp.), its mixed melting 
point with iso-conessimine hydrochloride (which crystallised from the same 
solvents in prismatic rods also melting at 335°) being 318-20°. In 1% 
aqueéus solution it showed [a]s°°= + 72-80° as against + 7-5° noted in 
a parallel observation for iso-conessimine hydrochloride. [Found: Cl, 16-7; 
C.3HysN.2HC1 requires 17-1%.] 

—-—picrate, prepared by adding aqueous picric acid to a solution of 
the base in dilute hydrochloric acid, is sparingly soluble in cold, fairly so 
in hot water and crystallises from it on cooling in aggregates of tapering 
prismatic rods. It is also fairly soluble in hot methanol and crystallises out 
of it on slow concentration in conical prisms, which began to shrink at 143° 
and slowly melted down giving a meniscus at 166°. 
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Iso-conessimine picrate crystallises from hot methanol in rectangular 
plates melting with decomposition at 198-200°. 


——chloro-platinate came out on adding aqueous platinic chloride to an 
aqueous solution of the hydrochloride in clusters of short tapering light 
orange-coloured needles, which darkened at 284° and melted at 290-92° 
(decomp.) [Found : Pt, 25-95 ; C,sH,,N,2HC1-PtCl, requires Pt. 25-90%]. 

Methylation of iso-nor-iso-conessine : iso-conessine.—Attempts to me- 
thylate the secondary to the tertiary bases were as unsuccessful in the iso- 
series as in the case of the secondary bases of the conessine series. Thus 
methyl iodide and iso-nor-iso-conessine in ethereal solution gave an undefin- 
able crystalline product melting within a wide range of 280-300°. When 
the base, however, was refluxed on the water-bath for about an hour with 
1-5 mols. each of formic acid and formaldehyde and diluted with water it gave 
a clear light yellow solution which, on treating with a solution of potassium 
iodide, gave pure iso-conessine hydroiodide, which showed no depression in its 
melting point on admixture with pure iso-conessine hydroiodide and yielded 
a base showing the same optical activity as iso-conessine (yield about 80%). 

Nitroso-iso-nor-iso-conessine.—To a solution of the base (1 g.) in normal 
HCl was added in the cold a concentrated solution of sodium nitrite till 
strongly turbid. After keeping for some time in the cold, a yellowish oil 
separated out which turned crystalline on cooling and rubbing. The crystal- 
line nitroso-hydrochloride thus obtained was macerated with NaOH and 
extracted with ether. The ethereal solution when washed with water and 
dried over sodium sulphate gave on removal of the solvent the nitroso base 
as a straw-coloured treacle, which was insoluble in water, soluble in ether, 
petroleum ether and other organic solvents and failed to crystallise from any 
of them. 


——hydrochloride, prepared from the components in ethereal solution, 
forms aggregates of colourless stout prismatic rods. It is difficultly soluble 
in 10% HCl, easily in water and alcohol, shrinks at 274° and melts at 282-84°, 
(After drying to constant weight at 100° im vacuo found : N, 9-48; Cl, 8-97; 
C.sHs,N.NO-HCl requires N, 10-30; Cl. 8-58%.] 


Action of Sulphuric Acid (Conc.) on Conimine. 


5 g. conimine added on to 25 c.c. sulphuric acid (conc.) with constant 
stirring and initial cooling gave a deep red solution, which, when worked up 
as in the case of iso-conessimine, yielded 5 g. of pure recrystallised hydroiodide 
melting at 332°, about 0-6 g. of an ether soluble base which did not form 
an insoluble hydroiodide and a little quantity of ether insoluble water soluble 
base which could be shaken out with chloroform from the alkaline aqueous 
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cooling till strongly turbid. A white sticky mass separated which was taken 
up in ether. The ethereal solution, successively washed with dilute HCl, 
alkali and then water, yielded on drying and removing the solvent a straw- 
coloured treacle which turned into a crystalline powder on rubbing with 
ether and a little petroleum ether. On slow evaporation of its solution in 
acetone in which it was exceedingly soluble, it forms broom-like aggregates 
of long tapering needles. It is easily soluble in alcohol, insoluble in water and 
crystallised from a mixture of alcohol and water in aggregates of short stout 
prismatic rods which shrink at 120° and melt at 123-25° [Found: N, 13-33 ; 
CHyN.(NO), requires N, 14-50%]. 

Diacetyl iso-conimine.—0-5 g. iso-conimine with 1g. each of acetic 
anhydride and anhydrous sodium acetate was heated in the water-bath for 
3 hours and diluted with water. The nearly colourless oil which remained 
undissolved was taken up in ethyl-acetate, which was successively washed 
with dilute hydrochloric acid, alkali and finally water. On drying and 
concentrating the ethyl-acetate solution, the diacetyl compound was obtained 
as a nearly white crystalline powder (0-4 g.) which was easily soluble in 
alcohol and acetone, difficultly in ether and petroleum ether, insoluble in water 
and dilute acids or alkalies and melted at 190-91° after shrinking at 185°. 
The m.p. of diacetyl conimine was 139-40°. [Found: C, 74-83; H, 9-48; 
CH,,N.(CO-CHs). requires C, 75-72; H, 9-71%.] 

Di-methyl-iso-conimine : Iso-conessine.—A solution of 0-5 g. of the base 
‘n the least quantity of formic acid was refluxed with 2-5 mols. of formal- 
dehyde foranhour. The reaction mixture was light straw-coloured as against 
deep red to reddish brown in the case of similar methylations in the conessine 
series. The base obtained from it was identified as iso-conessine through its 
optical activity and the melting point of the hydroiodide. 

Bromination of diacetyi conimine.—0-1186 g. diacetyl conimine in 3 c.c. 
chloroform titrated against bromine in chloroform solution with ice cooling 
and constant stirring, took up 0-048 g. bromine as followed by potassium 
iodide starch paper (required for 1 double bond 0-046 g.). On approaching 
the saturation point the solution began to grow slightly turbid. On adding 
dry ether and petroleum ether to the resultant pale-yellow chloroform solution 
a cream-coloured crystalline, hygroscopic powder was obtained which was 
insoluble in water, soluble in alcohol and acetone, nearly insoluble in ether 
and petroleum ether, began to shrink at 177° and melted with frothing at 
185-86°. 
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THE marked reactivity of chalcones and chalcone-oxides makes it of interest 
to examine how far this reactivity is affected by the presence of other groups 
in the nuclei. A comparative study has now been made of the reactivities 
of phenyl-(3 -4-methylene-dioxy-styryl)-ketone (I ; R; =CH,0,C,H,;—) which 
contains an electron source (methylene-dioxy-group) and of phenyl-(3-4- 
methylene-dioxy-6-nitro-styryl)-ketone (I ; Ry =CH,0,C,H,NO,—) which con- 
tains an electron sink (nitro group) in addition to the electron source. 

R, = CH202C,H3— or CH202CgH2NO2— or CgH5— 

Re = CH20.2C,H2 =. R’ = CHz or C2Hs. 
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shows the reaction proceeds with I (Ry =CH20.C, H3-) XI 
a9 ” ” I (Ry =CH202C, H2NO2) 
. ” ” I (Ri=C,gH;-) 
Fic. 1, 
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Phenyl-(3-4-methylene-dioxy-styryl)-ketone (I; R, =CH,0,C,H;— ; see 
Fig. 1) with bromine (1 mol.) yielded a-benzoyl-f-(3 -4-methylene-dioxy- 
phenyl)-a-B-dibromo-ethane (II; R,=CH,0,C,H;—) which with boiling 
ethyl or methyl alcohol gave respectively a-benzoyl-a-bromo-B-ethoxy-B-(3 -4- 
methylene-dioxy-phenyl)-ethane (V ; R’=Et) and a-benzoyl-a-bromo-B-methoxy- 
B-(3 -4-methylene-dioxy-phenyl)-ethane (V ; R'=Me). The labile nature of one 
of the bromine atoms in compounds of the type (II) has been already ob- 
served by Pond and Shoffstall? with a-benzoyl-f8-(p-methoxy-pheny])-a- 
p-dibromo-ethane (II ; R, =CH,O—C,H,—)which contains a methoxy-group in 
the nucleus. These authors assumed that the bromine atom in the a-position 
to the keto-group was replaced by the alkyl group, because the elimination 
of alcohol by heating the alkoxy-compound (V ; R, =CH,O0 —C,H,—, R’ =Me) 
gave a mono-bromo-anisylidene-acetophenone identical with the compound 
obtained by the action of sodium ethoxide on the dibromo-compound (II ; 
R,=CH,O—C,H,—). Following Wislicenus,? they supposed that this 
bromine was in the B-position to the keto-group. Dufraisse and his collab- 
orators, however, have shown that the bromine in mono-bromo-chalcones 
obtained by the action of sodium alcoholate on the chalcone dibromides of 
the type (II) is in the a-position and hence the formula now given to (V) 
is to be preferred. Further support is given to the formula now adopted 
by the consideration that the nucleus containing the activating group may 
be expected to influence the nearer bromine atom.* : 

(I ; R, =CH,O,C,H;—) with bromine (2 mols.) gave a-benzoyl-B-(3 -4- 
methylene-dioxy-6-bromo-phenyl)-a-B-dibromo-ethane (III; R,=CH,O,C,H,=) 
which with the corresponding alcohols yielded respectively a-benzoyl-a-bromo- 
B-ethoxy-B-(3 -4-methylene-dioxy-6-bromo-phenyl)-ethane (VI; R’=Et) and a- 
benzoyl-a-bromo-B-methoxy-B-(3 -4-methylene-dioxy-6-bromo-phenyl)-ethane (VI ; 
R’=Me). Heated with potassium iodide (2 mols.) in acetone both (II) and 
(III ; R, =CH,O,C,H, =) reformed the corresponding chalcones (I) and (IV; 
R, =CH,0,C,H,=). The constitution of (IV) as phenyl-(3 -4-methylene-dioxy- 
6-bromo-styryl)-ketone and hence of (III) is proved by the synthesis of (IV; 





1 Bauer and Werner, Ber., 1922, 55, 2497. 

2 J.A.C.S., 1900, 22, 658; cf. Werner, Ber., 1906, 39, 35, who describes Pond and Shoffstall’s 
compounds without reference to their work, and assumes that the bromine atom in the B-position to 
the keto-group is replaced ; see also Goldschmiedt, 1906, 39, 651 ; Bauer and Vogel, /.f7.Chem., 1913, 
88, 329 ; Angeli, A/¢i R.Acad.Lincei, 1924, (v), 33, 109; for similar work on alkoxycinnamic acid 
dibromides see Hoering, Ber., 1907, 40, 2174. 

3 Ann., 1899, 308, 219. 

* Compt. rend., 1920, 171, 1062; 1921, 173, 985; 1922, 174, 1631. 

* Motwani in this laboratory has recently shown that a methoxy-group in the other nucleus does 
hot enhance the reactivity of the bromine atoms. 
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R, =CH,0,C,H,=), from 6-bromo-piperonal and acetophenone. (I) with 
chlorine (1 mol. and 2 mols.) formed respectively, a-benzoyl-B-(3 -4-methylene- 
dioxy-phenyl)-a-B-dichloro-ethane (VII) and  a-benzoyl-B-(3 -4-methylene- 
dioxy-6-chloro-phenyl)-a-B-dichloro-ethane (IX ; R,=CH,O,C,H,=). The con- 
stitution of (IX) was deduced by analogy with (III). (VII) which was isolated 
only in the form of paste yielded with ethyl alcohol, a-benzoyl-a-chloro-p- 
ethoxy-B-(3 -4-methylene-dioxy-phenyl)-ethane (VIII). 

The dibromide (II; R,=CH,0,C,H;--) with potassium cyanide gave 
a-(3 -4-methylene-dioxy-phenyl)-B-benzoyl-propio-nitrile (X ; R, =CH,0,C,H,—) 
which on hydrolysis formed a-(3 -4-methylene-dioxy-phenyl)-B-benzoyl-propionic 
acid (XI; R,=CH,O,C,H;—)« The formule of (X) and (XI) were confirmed 
by the fact that benzylidene-acetophenone-dibromide (II; R,=C,H;—-) 
with potassium cyanide gave a-phenyl-f-benzoyl-propio-nitrile (X; R,= 
C.H;—) which has been synthesised previously from phenyl-styry]l-ketone 
and hydrogen cyanide by Hann and Lapworth.5 This nitrile on hydrolysis 
gave a-phenyl-8-benzoyl-propionic acid (XI; a —) which has also 
been previously prepared.® 

Phenyl-(3 -4-methylene-dioxy-6-nitro-styryl)-ketone (I; R,=CH,0,: 
C,H,NO,—) with bromine (1 mol.) gave a-benzoyl-B-(3 -4-methylene-dioxy-6- 
nitro-phenyl)-a-B-dibromo-ethane (II; R,=CH,0,C,H,NO,—), which did not 


react further with bromine or with alcohol but was converted into (I; R,= 
CH,0,C,H,NO,—) by the action of potassium iodide in acetone. By the 
action of chlorine (1 mol.) on (I; R,;=CH,0O.C,H,NO,—), a-benzoyl-B-(3 +4- 
methylene-dioxy-6-nitro-phenyl)-a-B-dichloro-ethane (VII;R, =CH,0,C,H,NO,-) 
was obtained. 


(I; R,=CH,O,C,H;—) condensed readily with ethyl-aceto-acetate to 
yield ethyl-2-(3’ -4’-methylene-dioxy-phenyl)-4-phenyl- A 4-cyclohexene-6-one-1- 
carboxylate (XII ; Ry =CH,O,C,H;—).? The nitrochalcone (I ; Ry =CH,0,C,- 
H,NO,—) did not react. (I; R,=CH,O,C,H;—) was reduced by hydrogen 
in presence of palladium, to give a-phenyl-y-(3 -4-methylene-dioxy-phenyl)- 
propylalcohol (XIII; R,=CH,0,C,H3—) (m.p. 95—96°). The saturated 
ketone, i.e., dihydropiperonal-acetophenone (m.p. 39-40°)® was not obtained. 
The nitrochalcone (I; R,=CH,O,C,H,NO,—) could not be reduced. 

(I; R,=CH,0,C,H,;—; see Fig. 2) with hydrazine hydrate gave 
3-phenyl-5-(3' -4’-methylene-dioxy-phenyl)-pyrazoline (KIV ; R,=CH,0,C,Hs") 


5 J.C.S., 1904, 85, 1359. 

6 Hann and Lapworth, Joc. cit. 

7 Knoevenagel, Avn., 1894, 281, 58 ; see also Dieckmann and Fischer, Ber., 1911, 44, 969. 
8 Bargellini and Bini, Gazetta, 1911, 41, II, 435. 
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r \ 
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XVII XXI | 
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R,-CH,-CO-Ph 
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FIG. 2. 


which was unstable, but formed a stable hydrochloride, picrate and acetyl- 
derivative. The substance did not give Knorr’s pyrazoline colour reaction, 
i.¢., a trace dissolved in conc. sulphuric acid gave no colour with a drop of 
ferric chloride or sodium nitrite solution. This points to it being a hydra- 
zone.* On the other hand unlike hydrazones, it gave no ammonia on re- 
duction with sodium amalgam, and formed a hydrochloride. The evidence 
is conflicting ; as it seemed definitely basic, the more probable assumption 
is that it is a pyrazoline. 

With phenyl-hydrazine (I ; R, =CH,O,C,H; —) gave 1-3-diphenyl-5-(3’ -4’- 
methylene-dioxy-phenyl)-pyrazoline (XV ; R,y=CH,O,C,H;—) which answered 
Knorr’s pyrazoline’s tests and gave a nitroso-derivative. With hydrogen 
peroxide (6%) (I; R,=CH,O,C,H,;—) gave the oxide of phenyl-(3-4- 





«  ® See Auwers and Voss, Ber., 1909, 42, 4417. 
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methylene-dioxy-styryl)-ketone (XVI; R,=CH,O,C,.H;—)!® which yielded a 
hydrazone (XVII ; R, =CH,O,C,H; —) with hydrazine hydrate. (XVII) is taken 
to be a hydrazone and not a hydroxy-pyrazoline," because it does not forma 
nitroso-derivative. With sodium ethylate or acetic anhydride, (XVII) gave 3- 
phenyl-5-(3' -4'-methylene-dioxy-phenyl)-pyrazole (XVIII ; R, =CH,O,C,H; —). 

When a suspension of the oxide (XVI; R,=CH,O,C,;H;—) in methyl 
alcohol was treated with a little conc. sulphuric acid, the oxide ring ruptured 
with the formation of a-benzoyl-a-hydroxy-B-methoxy-B-(3 -4-methylene-dioxy- 
phenyl)-ethane (XIX ; R, =CH,0,C,H,;— ; R’=Me). Ethyl alcohol reacted 
similarly giving a-benzoyl-a-hydroxy-B-ethoxy-B-(3 -4-methylene-dioxy-phenyl)- 
ethane (XIX; R’=Et). (XIX; R’=Me) when boiled with sodium acetate 
and acetic acid, for two hours, or with aqueous-alcoholic sodium hydroxide 
for a few minutes, gave phenyl-(3 -4-methylene-dioxy-benzyl)-diketone (XX; 
R, =CH,0,C,H;—), the constitution of which as an a-diketone was 
confirmed by the formation of a guinoxaline with o-phenylene-diamine. 
The formation of the a-diketone also establishes the structure of (XIX; 
R,=CH,0,C,H;— ; R’=Me and Et). The diketone was also obtained 
by boiling an alcoholic solution of (XVI; R,=CH,0,C,H; —) with aq. sodium 
hydroxide for 30 seconds. The diketone gave a colour reaction with alcoholic 
ferric chloride showing that the enol form is present in the solution. (XVI; 
R, =CH,0,C,H; —) on prolonged heating with sodium hydroxide gave phenyl- 
(3 -4-methylene-dioxy-benzyl)-glycollic acid (XXI; R,=CH,O,C,H;—). This 
acid was readily oxidised by potassium dichromate in acetic acid to phenyl- 

Ry =CH202CgH2NOz 
N-Ph 


: AgNOgs 
- N 
R,-CH 


CH,——C-Ph 


Ac.OH | Ph. ¢ hydrazine 
Ph. hydrazine I H2O02 
R,-CH=CH-C-Ph <————————- R, -CH=CH-CO-Ph ———> R,-CH- CH-CO-Ph 


XXV N O XVI 
NH.NH2 
| (CH3COOH) | HCl 


y ¥ 


R,-CH=CH-C-Ph R,-CHCI-CH(OH)-CO-Ph 


H—N—Ph 


ll 
XXIV N XXIII 


NH.Ac 
Fic. 3. 





10 See Baker and Robinson, /.C.S., 1932, 1798. 
11 See Widman, Zer., 1916, 49, 2781. 
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(3-4-methylene-dioxy-benzyl)-ketone (XXII; R,=CH,O,C,H;—) which has 
been previously prepared by Tiffeneau and Lévy” by the distillation of the 
oxide of (3-4-methylene-dioxy-styryl)-benzene. This oxidation proves the 
structure of the acid (XXI). (XVI; R,=CH,O,C,H,—) did not give a 
definite product with HC1. 

(I; R,=CH,0,C,NO,—; see Fig. 3) with hydrogen peroxide (6%) 
gave the oxide of phenyl-(3 -4-methylene-dioxy-6-nitro-styryl)-ketone (XVI ; 
R, =CH,0,C,H;NO,—) which, however, was better prepared (quantitative 
yield) by the method of Widman and Almstrém’* from 6-nitro piperonal and 
w-bromo-acetophenone. (XVI; R,=CH,0,C,H,NO,—) unlike (XVI; R,= 
CH,0,C,H,;—) did not react with ethyl or methyl alcohols or with NaOH, 
but with hydrogen chloride in acetic acid gave phenyl-B-chloro-a-hydroxy-B- 
(3 -4-methylene-dioxy-6-nitro-phenyl)-ethyl-ketone (XXIII; R,=CH,O,C,H;- 
NO,—), in which the position of chlorine atom was determined by the re- 
sults of Widman.* (I; R,=CH,0,C,H,NO,—) with hydrazine hydrate in 
acetic acid gave the acetyl derivative of the hydrazone of phenyl-(3 -4-methylene- 
dioxy-6-nitro-styryl)-ketone (XXIV ; R,=CH,0,C,H,NO,—). Analysis of the 
product showed that it was an acetyl derivative of the hydrazone or pyra- 
zoline. It is difficult to decide in this case between the alternative formule, 
since the acetyl group may mask the various tests. Auwers and Voss,}5 
however, have shown that the nitro-group stabilises the hydrazone form and 
it has been found (see later) that the phenyl-hydrazone of the chalcone now 
under discussion is stable. 

(I; R,=CH,0,C,H,NO,—) with phenyl-hydrazine in hot acetic acid 
gave the phenyl-hydrazone of phenyl-(3 -4-methylene-dioxy-6-nitro-styryl)-ketone 
(XXV; R,=CH,0,C,H,NO,—) which did not give Knorr’s pyrazoline 
colour reaction and dissolved slowly in conc. sulphuric acid with the forma- 
tion of colour. When boiled with acetic acid, it yielded 1 -3-diphenyl-5- 
(3’ -4’-methylene-dioxy-6'-nitro-phenyl)-pyrazoline (KXVI; R,=CH,O,C,H,- 
NO,—) which answered the pyrazoline colour tests. (XXVI) was converted 
by silver nitrate into 1 -3-diphenyl-5-(3' -4'-methylene-dioxy-6'-nitro-phenyl)- 
pyrazole (XXVIII; R,=CH,0,C,H,NO,-—-) which was also obtained by the 
action of phenyl-hydrazine on (XVI; R,=CH,0,C,H,NO, —). 

A study of the experimental results indicates that the nitro-group re- 
moves the enhanced activity which the presence of a nuclear alkoxy group 





12 Compt. rend., 1930, 190, 1510. 

13 4nn., 1913, 400, 105. 

14 Ber. 1916, 49, 477; cf. Jérlander, Ber., 1916, 49, 2783 ; 1917, 50, 1457; Bodforss. Ber., 1916, 
4’, 2795, and Baker and Robinson, /oc. cit, 

15 Ber,, 1909, 42, 4414. 
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confers on one of the bromine atoms in the chalcone dibromide ; and further 
it reduces the reactivity of the oxide towards ethyl or methyl alcohols 
and alkali, but not towards HCl. 


Experimental. 


1. a-Benzoyl-B-(3 -4-methylene-dioxy-phenyl)-a-B-dibromo-ethane (II; 
R, =CH,0,C,H,;—) was prepared by the action of bromine (1 mol.) on (I; 
R, =CH,0,C,H;—).%* (Found: Br, 39-0; C,.H,,0,Br, requires Br, 38 -8%), 

2. a-Benzoyl-a-bromo-B-ethoxy-B-(3 -4-methylene-dioxy-phenyl)-ethane (V: 
R, =CH,0,C,H;— ; R’ =Et).—The preceding dibromide was boiled with ethyl 
alcohol for fifteen minutes ; on cooling the solution, white prisms separated, 
m.p. 143-44°. (Found: Br, 21-1; C,,H,,O,Br requires Br, 21-2%). 

3. a-Benzoyl-a-bromo-B-methoxy-B- (3 -4-methylene-dioxy-phenyl)-ethane 
(V; R,=CH,0,C,H,;— ; R’=Me).—Prepared as in (2); crystallised from 
methyl alcohol in prismatic needles m.p. 115-16°. (Found: Br, 22-1; 
C,,H,,0O,Br requires Br, 22 -0%). 

4. a-Benzoyl-B-(3 -4-methylene-dioxy-6-bromo-phenyl)-a-B-dibromo-ethane 
(III; R,=CH,O,C,H,=).—-Bromine (32g.) in gl. acetic acid (50c.c.) was 
added slowly to (I; R,=CH,0,C,H,—) (25 g.) in hot acetic acid (150 c.c.), 
and the mixture was heated at 100° for 30 minutes, when (III; R,= 
CH,O,C,H, :) separated in the form of crystalline needles (yield, 30g.). It 
recrystallised from benzene-petroleum ether in white needles. m.p. 174-75°. 
(Found: Br, 49-3; C,sH,,O,Br, requires Br, 48-9%). It formed (IV; 
R, =CH,0,C,H, =) when treated with potassium iodide as described in (7). 

5. a-Benzoyl-a-bromo-B-ethoxy-B-(3 -4-methylene-dioxy-6-bromo-phenyl)- 
ethane (VI; R,=CH,0,C,H,=; R’=Et) was prepared as in (2); it 
crystallised from ethyl alcohol in white needles, m.p. 126-27°. (Found: 
Br, 34-8; C,,H,,O,Br, requires Br, 35-1%). 

6. a-Benzoyl-a-bromo-B-methoxy-B-(3 -4-methylene-dioxy-6-bromo-phenyl)- 
ethane (VI; Rg=CH,O,C,H,=; R’=Me) was prepared as in (2); it re 
crystallised from methyl alcohol in colourless prisms, m.p. 131-32°. (Found: 
Br, 36-3; C,,H,,O,Br. requires Br, 36-2%). 

7. Phenyl-(3 -4-methylene-dioxy-6-bromo-styryl)-ketone (IV ; R,=CH,0,- 
C,H, :).—(III ; Rg =CH,0,C,H, =) (6 g.) in hot acetone was heated at 90-100° 
with potassium iodide dissolved in a small quantity of water and acetone, 
when iodine was liberated. The product separating on cooling recrystallised 
from alcohol-acetone in white needles, m.p. 146-47°. The substance turns 
pink on exposure for a few days. (Found: Br, 24-3; C,gH,,O3;Br requires 





16 ¢f, Bauer and Werner, /oc. cit. 
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Br, 24:2%). It was also formed when a mixture of 6-bromo piperonal (4-6 g.), 
alcohol (100c.c.), acetophenone (2-4g.) and sodium hydroxide solution 
(10% 2 c.c.) was heated at 80-100° for 15 minutes. 


8, a-Benzoyl-a-chloro-B-ethoxy-B-(3 -4-methylene-dioxy-phenyl) - ethane 
(VIII; R, =CH,0.C,H,—).—An attempt to prepare a dichloro-compound 
(VII; R,=CH,O0,C,H,—) similar to (II; R,=CH,0,C,H;—) by passing 
dry chlorine (1 mol.) into an acetic acid solution of (I; R,=CH,0,C,H;—) 
(1 mol.) resulted in a pasty mass which could not be re-crystallised from any 
of the usual inert solvents. It recrystallised from ethyl alcohol (charcoal) 
in prismatic needles, m.p. 118-19°. (Found: Cl, 10-8; (C,.H,,O,C1 re- 
quires C1, 10-7%). Methyl alcohol did not give a crystalline product. 


9. a-Benzoyl-B-(3 -4-methylene-dioxy-6-chloro-phenyl)-a-B-dichloro-ethane 
(IX; R, =CH,O,C,H, =).—An acetic acid solution of (I; R, =—CH,O,C,H; —) 
was treated with chlorine and kept over-night, when crystals separated ; 
a further yield was obtained on dilution with water. The product recrystal- 
lised from benzene-petroleum ether in colourless crystals, m.p. 127-28°. 
(Found: Cl, 29-3; C,gH,,0O,Cl, requires Cl, 29-7%). 


10. a-(3-4-Methylene-dioxy-phenyl)-B-benzoyl-propio-nitrile (K; R,= 
CH,O,C,H,—).—A mixture of (II; R,=CH,O,C,H;—) (20g.), potassium 
cyanide (10 g.) and alcohol (100 c.c. methyl or ethyl) was heated under reflux 
for three hours at 100°, and kept at 0° for 24 hours, when the precipitate 
formed was filtered and washed with water and with alcohol (yield, 8 g.). 
It recrystallised from alcohol (charcoal) in white plates, m.p. 132-33°. 
(Found :* N, 5-1; C,,H,sO,N requires N, 5-0%). 


ll. a-(3-4-Methylene-dioxy-phenyl)-B-benzoyl-propionic acid (X11; R,= 
CH,O,C,H, —).—A mixture of the preceding nitrile (5 g.) aq. sodiun: hydroxide 
(10%; 50 c.c.) and alcohol (25 c.c.) was heated at 100° for 8 hours and filtered. 
The filtrate was acidified with dil. hydrochloric acid and the acid (4-2 g.) 
separating was recrystallised from benzene ; prismatic crystals m.p. 143-44°. 
(Found :¢+ C, 68-7; H, 4-6; equiv. 294; C,,H,,O, requires C, 68-5; H 
4-7% ; equiv. 298). 

12. a-Phenyl-B-benzoyl-propio-mitrile (KX; R,=C,H,; —).—a-Benzoyl-f- 
phenyl-a-8-dibromo-ethane (II ; R,=C,H;) treated as in (10) gave (X; R, = 
C,H;—) m.p. 126-27°. (Found :*f N, 6-1; C, 81-7; H, 5-5; C,,H,,ON 
requires N, 6-0; C, 81-5; H,5-5%). Mixed m.p. with an authentic specimen 
prepared by the action of hydrogen cyanide on benzylidene-acetophenone!? 
showed no depression. 


’ 





17 Hann and Lapworth, /oc. cit. 
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13. a-Phenyl-B-benzoyl-propionic acid (XI; R,=C,H,;—).—The pre. 
ceding nitrile was hydrolysed as in (11) ; m.p. 152-53°. (Found :f C, 75-6; 
H, 5-4; C,¢H,,O, requires C, 75-6; H, 5-5%). This acid was obtained 
(m.p. 152-53°) by Hann and Lapworth!* by hydrolysing the nitrile (x: 
R, =C,H;—) with conc. sulphuric acid. 

14. a-Benzoyl-B-(3 -4-methylene-dioxy-6-nitro-phenyl)-a-B-dibromo-ethane 
(II; R,=CH,O,C,H,NO,—) prepared as in (1) from phenyl-(3 -4-methylene- 
dioxy-6-nitro-styryl)-ketone (I; R,=CH,O,C,H,NO,—) crystallised from 
benzene-toluene in pale yellow needles, m.p. 174-75°. (Found: Br, 35-3; 
C,.H,,O;NBr, requires Br, 35-0%). With potassium iodide as in (7) it 
reformed the chalcone (I; R,=CH,O,C,H,NO, —). 

15. a-Benzoyl-B-(3 -4-methylene-dioxy-6-nitro-phenyl)-a-B-dichloro-ethane 
(VII; R,=CH,0O,C,H,NO,—) (3 g.) in acetic acid (50 c.c.) was treated with 
chlorine (0-7 g.) and diluted with water. The pasty product was kept in 
contact with sodium bicarbonate solution until it solidified. It recrystallised 
from benzene-petroleum ether (charcoal) in pale yellow crystals, m.p. 151-52°. 
(Found: Cl, 19-4; C,¢H,,O;NCI, requires Cl, 19-3%). 

16. Ethyl-2-(3'-4’-methylene-dioxy- phenyl) -4-phenyl- A‘4-cyclo-hexene-6- 
one-1-carboxylate (XII; R, =CH,O,C,H,;—).—A mixture of sodium ethylate 
(0-8 g. Nain 25c.c. abs. alcohol), aceto-acetic ester (8 g.), (I ; Ry =CH,0,C,- 
H,—) (10 g.) and alcohol (100 c.c.) was heated under reflux at 80—90° for 
three hours. The product (13 g.) recrystallised from alcohol-acetone in 
white needles, m.p. 151-52°. (Found: C, 72-3; H, 5-5; C,.H.,O; re- 
quires C, 72-5; H, 5-5%). 

17. a-Phenyl-y-(3 -4-methylene-dioxy-phenyl)-propyl-alcohol (XIII ; 
R, =CH,0,C,H;—).—(I; R,=CH,0,C,H;—) (5 g.) was dissolved in ethyl 
alcohol (250c.c.) at 60-65° and the air in the flask containing the 
solution was expelled by pure hydrogen, after which palladous chloride solu- 
tion (15c.c. of 1%) and gum arabic (15 c.c. of 1% solution) were added. 
The flask was then connected to the hydrogen generator and vigorously 
shaken. It was difficult to observe the absorption of hydrogen, but after 
some time the yellow colour disappeared and a colourless solution was ob- 
tained. The suspended catalyst coagulated when the reduction was 
complete. The greater part of the alcohol was removed by distillation and 
the separated mass was recrystallised from dil. alcohol (yield : 4-5 g) ; mp. 
95-96°. (Found: C, 75-1; H, 6-2; C,,.H,,O, requires C, 75-0; H, 6-2%). 

18. 3-Phenyl-5-(3' -4'-methylene-dioxy-phenyl)-pyrazoline (XIV; R= 
CH,0,C,H; —).—A solution of (I; R; =CH,O,C,H; —) (2 g.) in alcohol (20 c.c.) 


18 Joc, cit. 
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after being heated with 50 per cent. hydrazine hydrate (2 c.c.) at 80° 
deposited white needles on cooling. These decomposed on drying. The 
following derivatives were prepared and analysed. 


Hydrochloride—pinkish brown crystalline needles ; m.p. 197-98° (Found : 
Cl, 12-1; CygH,,;0,N,Cl requires Cl, 11-7%). 

Picrate—tecrystallised from alcohol in shining yellow plates; m.p. 
185-86°. (Found :* N, 14-3; C,.H,,O,N, requires N, 14-1%). 

Acetyl derivative—trecrystallised from alcohol in white needles; m.p. 
153-54°. (Found: N, 9-3; C,,H,,O,N, requires N, 9-1%). A trace of the 
pyrazoline dissolved rather slowly in conc. sulphuric acid and the solution 
did not give a colour with ferric chloride or sodium nitrite solution. When 
it was reduced by 2-5% sodium amalgam, no odour of ammonia could be 
detected. 

19. 1-3-Diphenyl-5-(3' -4'-methylene-dioxy-phenyl)-pyrazoline (XV; Ry = 
CH,O,C,H,—).—A mixture of (I; R,=CH,0,C,H;—) (5 g.) in hot acetic 
acid (50c.c.) and phenyl-hydrazine (2-5g.) after being heated at 90—100° 
for fifteen minutes deposited on cooling white clusters which were recrystal-- 
lised from alcohol (yield, 5g.) ; m.p. 129-30°. (Found :* N, 8-2; C,77-1; 
H, 5-5; C..H,,O.N, requires N, 8-2; C, 77-1; H, 5-3%). The product 
gave a fluorescent sky-blue colour in chloroform or benzene and was easily 
soluble in conc. sulphuric acid. The solution gave an intense blue colour 
with a drop of ferric chloride or sodium nitrite solution. It did not change 
on boiling with acetic acid. It gave a nitroso-derivative which decomposed 
when dry. 

20. Oxide of phenyl-(3-4-methylene-dioxy-stvryl)-ketone (XVI; R,= 
CH,O,C,H,;—).—A solution of (1; R,=CH,O,C,H,—) (20g.) in a warm 
mixture of methyl alcohol or rect. spirit (250c.c.) and acetone (150 c.c.) 
was cooled to 40° and to the suspension were quickly added hydrogen peroxide 
(120c.c. of 20 vol. concentration, 7.e., 6%) and 10 per cent. aq. sodium 
hydroxide (20c.c.). The whole was shaken for about 15 minutes, when the 
partly separated chalcone dissolved. ‘The rise in temperature was controlled 
by cooling under the tap. On cooling a needle-shaped crystalline product 
separated. A further yield was obtained on diluting the filtrate. The 
precipitate (18-5 g.) recrystallised from alcohol-acetone in white prismatic 
needles, m.p. 99-100°. (Found:f C, 71-7; H, 4-4; C,gH,.O, requires 
C,71-6; H, 4-5%). 

21. Hydrazone of the oxide of phenyl-(3 -4-methylene-dioxy-styryl)-ketone 
(XVII; R,=CH,O0,C,H;—).—The preceding oxide (2 g.) in alcohol (20c.c.) 
was boiled with 50 per cent. hydrazine-hydrate (2 c.c.) for five minutes. The 
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white crystals (1-6g.) which separated on cooling were recrystallised from 
alcohol, m.p. 173-74°. (Found: N, 10-0; C,.6H,,O;N, requires N, 10-0%), 
Potassium nitrite in acetic acid did not react with the compound. 


22. 3-Phenyl-5-(3'.4'-methylene-dioxy-phenyl)-pyrazole (XVIII; R,= 
CH,0,C,H;—).—A solution of the preceding hydrazone (XVII; R,= 
CH,0,C,H,—) (2g.) in alcohol was boiled with sodium ethoxide (0-5 g. 
sodium in 5c.c. abs. alcohol), and cooled, when crystalline needles (1-5 g)), 
m.p. 194-95°, separated and were recrystallised from alcohol. The same 
product was obtained when the hydrazone was boiled with acetic anhydride, 
(Found: N, 10-8; C,.H,.O,N, requires N, 10-6%). 


23. a-Benzoyl-a-hydroxy-B-methoxy-B-(3 -4-methylene-dioxy-phenyl)-ethane 
(XIX; R,=CH,0O,C,H;—; R’=Me).—To a suspension of the oxide 
(XVI; R,=CH,O,C,H,—) (4g.) in methyl alcohol (20c.c.) was added 
a mixture of methyl alcohol (20c.c.) and conc. sulphuric acid (5 c.c.); and 
the whole was shaken and warmed to 40°, when it formed a pale yellow 
solution. On keeping in the refrigerator colourless needles separated. 
They were washed with water and finally with alcohol (yield 2-5g.); mop. 
117-18°. (Found :+ C, 67-7; H, 5-4; (C,,H,,O, requires C, 68-0; H 
5 3%). 

24. a-Benzoyl-a-hydroxy-B-ethoxy-B-( 3 -4-methylene-dioxy-phenyl )-ethane 
(XIX ; R, =CH,O,C,H,— ; R’=Et).—Prepared similarly to 21 ; the product 
did not separate until the solution was diluted, when it formed a paste 
containing crystals. It recrystallised from alcohol (charcoal) in small 
colourless prisms, m.p. 93-94°. (Found:} C, 69-2; H, 5-9; C,,H,,0, 
requires C, 68-8; H, 5-7%). 

25. Phenvyl-(3 -4-methylene-dioxy-benzyl)-diketone (XX; R,=CH,O,C,- 
H,—).—The methoxy-compound (XIX; R,=CH,O,C,H,;—) (0-6g.) was 
heated with sodium acetate (lg.) in acetic acid (8¢.c.) for two hours at 
100° ; the product precipitated by addition of water crystallised from alcohol 
in yellow needles, m.p. 114-15°. 


’ 


The same product was obtained when the methoxy-compound was 
boiled in alcoholic solution for 2-3 minutes with a few drops of aq. sodivm 
hydroxide ; the orange solution was diluted with dilute hydrochloric acid 
and the precipitate recrystallised from alcohol. (Found: C, 71-3; H, 4-4; 
CigH120, requires C, 71-7; H, 4-5%). 

The diketone was, however, best prepared by boiling the alcoholic solution 
of the oxide (XVI; R,=CH,0,C,H;—) with aq. sodium hydroxide for 30 
seconds. ‘The red solution was diluted with dilute hydrochloric acid, and the 
product crystallised from alcohol in yellow needles. The substance turns 
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pasty after a fortnight, unless kept in a sealed tube. It gives a purple colour 





\ with alcoholic ferric chloride. 

26. 2-Phenyl-3-(3' -4'-methylene-dioxy-benzyl)-quinoxaline.—The preced- 
me ing diketone (0-7 g.) in alcohol (10 c.c.) was boiled with o-phenylene-diamine 
(0:3 g.) for five minutes. The product that separated on cooling recrystallised 

z. from alcohol in white needles (yield, 0-8 g.), m.p. 137-38°. (Found: 

, N, 8:2; CsgH,,.O.N, requires N, 8-2%). 

e 27.  Phenyl-(3-4-methylene-dioxy-benzyl)-glycollic-acid (XXI; R= 

e, CH,0,C,H, —).—The oxide (XVI; R, =CH,O,C,H; —) (10 g.) in alcohol (75 c.c.) 
was boiled under reflux for four hours with sodium hydroxide (5 g.) in water 

“e (15c.c.) and the solution was diluted with water and filtered. The filtrate 

e was acidified with dilute hydrochloric acid and the precipitate recrystallised 

d from dilute alcohol ; white needles, m.p. 149-50° (Yield, 6-2 g.). (Found :f 

d C, 67-0; H, 5-2%; equiv. 290; C,,.H,,0,; requires C, 67-1; H, 4-9%; 

. equiv. 286). 

28. Phenyl-(3 -4-methylene-dioxy-benzyl)-ketone (XXII; R, =CH,O,C,H; —). 

) —The preceding acid (5 g.) in warm acetic acid was treated with 

: potassium dichromate (3 g.) dissolved in the minimum quantity of water 
and then diluted with acetic acid. After one minute, the solution was diluted 

e with water and the light green ppt. was filtered and extracted with acetone. 

t The extract after removal of the solvent gave a paste which solidified after 

e keeping at 0° fortwodays. It recrystallised from pet. ether in small colourless 

Hl needles ; m.p. 70—71° (yield, 2 g.). 

5 ; The substance has previously been prepared (m.p. 71-72°) by Tiffeneau 
and Lévy!® by the distillation of the oxide of (3-4—methylene-dioxy-styryl)- 
benzene. 

, 29. Oxide of phenyl-(3-4-methylene-dioxy-6-nitro-styryl)-ketone (XVI ; 

: R, =CH,O,C,H,NO, —).—Prepared as in (20) from (I ; R, =CH,O,C,H,NO, —) 

l but the present mixture was shaken for a longer time with slight warming 
at intervals, and only acetone was used as the solvent. It was difficult to 

obtain the oxide pure, owing to the insolubility of both the chalcone and its 
oxide, and it was preferably prepared by the gradual addition at 0° of an 

l alcoholic solution of sodium alcoholate (3 g. Nain 50 c.c. alcohol) to a mixture 


of w-bromo-acetophenone (20g.), 6-nitro-piperonal (20g.) and alcohol 

(200 c.c.). The oxide (27 g.) separated and was recrystallised from acetone ; 
1 pale yellow needles, m.p. 159-60°. (Found*: N, 4-7; C,¢H,,O,N requires 
) N, 4-5%). 





19 Compt. rend., 1930, 190, 1510. 
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30. Phenyl-B-chloro-a-hydroxy-B- (3 -4-methylene-dioxy-6-mnitro-phenyl)- 
ethyl-ketone (XXIII; R,=CH,O,C,H,NO,—).—The red solution obtained 
by passing dry hydrogen chloride into a suspension of the preceding oxide 
in acetic acid cooled in water, was diluted with water after saturation (10 
minutes). The precipitated chlorohydrin recrystallised from benzene-pet. 
ether (charcoal) in pale yellow crystals ; m.p. 183--84°. (Found: Cl, 10:5; 
C,gH,2,0,NC1 requires Cl, 10-2%). 


Similar treatment of (XVI; R,=CH,0,C,H;—) with hydrogen chloride 
gave a pasty substance which was not investigated further. 


31. Acetyl derivative of the hydrazone of phenvyl-(3 -4-methylene-dioxy- 
6-nitro-styryl)-ketone (XXIV; R,=CH,O,C,H,NO,—).—A solution of (I; 
R, =CH,0,C,H,NO,—) (2 g.) in acetic acid (25 c.c.) was heated at 100° 
with 50 per cent. hydrazine hydrate (3c.c.) for ten minutes. The ppt. 
separating on cooling (2 g.) crystallised from acetone in white needles, 
m.p. 244-25°. (Found :¢ C, 60-9; H, 4-2; C,,H,,O,N, requires C, 61-1; 
H, 4-3%). A solution of the substance in conc. sulphuric acid does not give 
a colour either with ferric chloride or sodium nitrite solution. 

32. Phenyl-hydrazone of phenyl-(3 -4-methylene-dioxy-6-nitro-styryl)- 
ketone (XXV ; R, =CH,O,C,H,NO, —). A mixture of (I ; Ry =CH,O,C,H,NO,—) 
(5g.) in acetic acid (50 c.c.) and phenyl-hydrazine (2 g.) was heated at 
100° for ten minutes. The red ppt. (6-6g.) obtained on addition of dil. 
hydrochloric acid recrystallised from alcohol-acetone in red needles, 
m.p. 159-60°. (Found :* N, 11-1; C,.H,,O,N; requires N, 10-9%). The 
substance dissolved slowly in concentrated sulphuric acid with the formations 
of colour ; and the resulting solution did not give a colour with ferric chloride. 


33. 1:+3-Diphenvl-5-(3' -4'-methylene-dioxy-6'-nitro-phenyl) - pyrazoline 
(XXVI; R,=CH,O,C,H,NO,—).—The preceding phenyl-hydrazone was 
boiled for an hour with acetic acid. The orange-vellow ppt. obtained on 
cooling the solution was recrystallised from benzene-petroleum ether, m.p. 
203-204°. (Found: N, 11-1; C..H,,O,N; requires N, 10-9%). It dissolved 
at once in conc. sulphuric acid and gave Knorr’s pyrazoline reaction. 


34. 1-3-Diphenyl-5-(3' -4’-methylene- dioxy - 6’ - nitro - phenyl) - pyrazole 
(XXVIII; R,=CH,O,C,H,NO,—).—The preceding pyrazoline (0-5g.) in 
alcohol (20c.c.) was heated under reflux for one hour with silver nitrate 
(1 g.) in water (2-3c.c.) and the liquid filtered from separated silver and 
undissolved matter. The filtrate on dilution with water gave a precipitate 
which crystallised from acetone-alcohol in yellow needles, m.p. 163-64°. 
(Found :* N, 10-8; C, 68-6; H, 4-0; C..H,,O,N, requires N, 10-9; C, 
68-5; H, 3-9%). 





* 
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It was better prepared by treating the oxide (XVI; R, =CH,O,C,H,NO,-) 
in hot acetic acid, with phenyl-hydrazine. The resulting pale yellow solu- 
tion was poured into dil. hydrochloric acid and the pale yellow ppt. recrystal- 
lised from acetone-alcohol in yellow needles, m.p. 163-64°. 


Note.—Micro-analyses of the compounds marked (*) were carried out by Dr. J. N. 
Ray of Lahore, and those marked (t) were made in Germany by Dr. Fischer and by Dr. 
Scheeller. 





SOME NEW FEATURES IN THE RAMAN SPECTRA 
OF CARBON AND SILICON TETRACHLORIDES. 


By R. ANANTHAKRISHNAN. 
(From the Department of Physics, Indian Institute of Science, Bangalore.) 


Received October 4, 1935. 
(Communicated by Sir C. V. Raman, kt., F.R.s., N.L.) 


7. Introduction. 


THE Raman spectrum of CCl, has been the subject of numerous papers.! 
The great intensity of the lines observed with this substance, the appearance 
of several anti-stokes components and the striking differences in the state 
of polarisation of the radiations, are some of the features which make the 
case one of special experimental interest. From the theoretical standpoint, 
the chemically indicated tetrahedral symmetry of the molecule makes the 
comparison of the results to be expected from dynamical theory with those 
actually observed a matter of considerable importance. Classical mechanics 
indicates that a molecule with five atoms should, in general, possess nine 
characteristic frequencies. In the case of CCl, and other molecules with 
tetrahedral symmetry, however, only four out of the nine frequencies are 
distinct—one being single (the total symmetric vibration) (v,), one doubly 
degenerate (v.) and two triply degenerate (vs and 4%). All the four modes of 
vibration are Raman-active so that one would expect four lines in the Raman 
spectrum of CCl, Actually, however, the triply degenerate vibration y 
in CCl, is observed to be split up into a pair of lines of equal intensity. 
Moreover, a fifth line (faint and diffuse) has been observed in the Raman 
spectrum of CCl, which is found to correspond roughly to the octave of v. 
The splitting of the fourth frequency has been attributed by Fermi? to a 
“‘quasi-degeneracy”’ arising from the fact that the frequency which is split 
up happens to be almost exactly equal to the sum of two other fundamental 
frequencies, y4»~(v,+Vv 3). This gives rise to a coupling of the terms which, 
according to wave mechanics, leads to splitting. Another interesting feature 
of the Raman spectrum of CCl, is the fine structure of the Raman lines », 
v,and vs. This has been studied in some detail by Langseth.* Since chlorine 
consists of two different isotopes of masses 35 and 37 with a relative 
abundance ratio 3: 1, the substance CCl, is a mixture of five different kinds 
of molecules, CC1,35, CC1,35 Cl??, CC1,95 Cl,37, CC1,5 Cl8? and CC1,3? which occur 
in the proportion 31-6: 42-2 : 21-1: 4-7: 0-4. The total-symmetric 
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vibration should therefore consist of five close components with a relative 
separation of 3-15 cm.-' and with intensities in the above ratio. The 
presence of the first three components with the expected order of intensity 
and separation has been recorded by Langseth. 


Investigations on SiCl,2 are not so numerous. The Raman spectrum 
of this substance has been found to show three strong lines corresponding 
to 4, ¥, and vs and a broad and diffuse line corresponding to 1. 


The author has undertaken a careful study of the Raman spectra of 
these two substances, and has succeeded in getting some new results which 
are recorded in the present paper. 


2. Experimental. 


Two different instruments have been employed in the present investiga- 
tion for the study of the Raman spectra : 


(i) A Hilger two-prism spectrograph of great light-gathering power 
giving a dispersion of about 25 A/mm. in the A 4358 region. 


(ii) A spectrograph of Littrow model, with two glass prisms of large 
size, one 60° and the other 30°, also supplied by the firm of Adam 
Hilger Itd. The dispersion in the region A 4358 is about 10 A/mm. 
In spite of its lesser light-gathering power, well-exposed Raman 
spectra taken with this instrument are found to show many 
finer details which are not so strikingly brought out in the 
pictures with smaller dispersion. 


Ilford hypersensitive panchromatic plates were employed to photograph 
the Raman spectra with the first instrument, and an exposure of about 10 
to 12 hours was sufficient to get well-exposed pictures with a slit width of 
40. With the instrument of higher dispersion, the time of exposure 
required varied from 40 to 50 hours. Ilford ‘‘golden isozenith’’ plates with 
special backing were used in this case. 


The liquids employed were very pure chemicals, and special care was 
taken to free them from dust by repeated slow distillation in vacuum. Wood's 
atrangement was used for photographing the Raman spectra. The Raman 
tubes were of pyrex glass with fused on end window, and contained the dust- 
free liquids sealed off in vacuum. ‘The illumination was from a quartz mer- 
cury lamp placed in direct contact with a water jacket surrounding the 
Raman tube. Concave reflectors of polished aluminium one below the tube 
and the other above the arc served to enhance the illumination. For making 


accurate measurements of the modified lines, an iron arc comparison 
A3 F 
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spectrum was photographed at the centre of the Raman spectrum on alf 
the plates. 
3. Results. 


The frequency shifts were determined by direct measurement on the 
photographic negatives using a Hilger cross-slide micrometer reading correct 
to -001 mm. The results are correct to +1 wave number in the case of the 
photographs taken under high dispersion, which alone were used for measure- 
ment. All the spectral details present in the plates taken under high 
dispersion could also be recognised in the photographs taken with the 
low dispersion instrument. The results of measurement are listed in the 


tables below : 
TABLE I. CCh. 





Raman 
line (v) 
em, } 


Exciting 


Av Exciting 
line 


line 





4358 A 21400 4047 A 
y = 22938 22147. . vy = 24705 | 23916-; 
23942. 


24246- 





24271- 


24390- 
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TABLE II. SiC. 
Bring | ine) | A | Bauting | tine) | AY 
cm. cm. 

4358 A 22327 611 4047 A 24092 613 

y= 22938 | 22498 440 vy =24705 | 24264 441 
22517 421 24283 422 
22716 +5 221-5 24485 220 
22787 151 24556 149 
23089-5 | —151-5 24854 —149 
23160 —222 24925 —220 
23361 — 423 25130 — 425 























The mean frequency shifts with visual estimates of intensity are given 


in the following table : 














TABLE III. 
CCl, | SiCl, 
Av (em.-*) | Intensity | Av (em."*) Intensity 
| 
145-0 = (vy, —vs) 0 
217-9 = v, 8 | 150-0 =», 5 
| 
314-0 = v, 8 | 221-0 = vs 5 
434-0 = 2v, 0 423-0 = v, 10 
459-0 =v, 10 440-5 = 2v, 0 
762-3 
=, 3 612-0 =», 2(broad & 
789°6 diffuse) 
1538 -0 = 2 (v,+¥,) 4 (broad & 
diffuse) 
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4. Discussion of Results. 


It is well known that Raman spectra are simpler in their structure than 
the corresponding infra-red spectra. Whereas the infra-red spectra are 
characterised by the appearance of numerous overtones, these occur but 
seldom in the Rainan effect and even so only with very feeble intensity. The 
only case in which an overtone has been definitely observed in the Raman 
spectrum is that of CCl, about which mention has been already made. 
Several faint lines in the Raman spectrum of benzene are classified as over- 
tones and combinational tones® although the assignment in these cases is by 
no means unique. 


In the Raman spectrum of CCl, we have been able to recognise two 
faint lines in addition to those already reported. The fact that these two 
lines have so far escaped notice is not surprising when one considers their 
extreme faintness. Indeed, even the stronger line at 1538 cm.-! has not 
been observed by some workers who have studied the Raman spectrum of 
CCl, under high dispersion.* The faint line at 434 cm.-! is to be inter- 
preted as the octave of v, (=217-9 cm.—') and its appearance is in all proba- 
bility due to its proximity to the total-symmetric vibration frequency 
v, (=459 cm.-!). The new line observed at 145 cm.-! appears to be a differ- 
ential tone arising from vy, (=459 cm.-!) and rv, (=314 cm.-!), the same two 


the summational of which causes the splitting of the fourth frequency », 
and the octave of whose summational comes out as the faint diffuse line at 
1538 cm.-! That this faint line does not coincide with any of the Raman 
lines excited by the companions of 4358, that it does not appear in the Raman 
spectra of other substances such as PCl;, and that it is unmistakably present 
in the photographs taken with two different instruments, make it absolutely 
certain that it is quite genuine. 


Regarding the principal Raman lines of CCl, the following remarks may 
be made. As has been pointed out by Langseth, the Raman lines when 
photographed under high dispersion are far from being sharp. In the present 
work, since the object was not the study of the fine structure of the lines, 
it was not considered worthwhile to use a particularly narrow slit. The 
Raman spectrum of CCl, taken with the high dispersion instrument is re- 
produced in Fig. 1 in the Plate. It will be noticed that the first two lines 
(v, and v,) have a similar structure. The intensity is maximum at the centre 
and fades off symmetrically towards either side. ‘She symmetrical vibration 
v, shows the unresolved isotopic structure. It is sharp and intense towards 





* There is no mention of it in Langseth’s paper, and Mesnage has said that he was 
unable to find it even in his most intense pictures. 
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the red side and weak and diffuse towards the side of shorter wave-length. 
Its width extends over a range of about 8 wave numbers. A new and signi- 
ficant observation regarding this line is the presence of a clear wing to its 
red side sharply separated from the line. The author does not find any men- 
tion of such a wing in Langseth’s paper. ‘The fact that such a wing is entirely 
absent for the other two Raman lines deserves mention. Its origin does not 
seem clear. 

The new faint line at 440-5 cm.-! observed in the Raman spectrum of 
SiC], appears to be the octave of the fundamental frequency vg (= 221 cm.-') 
and it seems justifiable to extend the same reasoning which has been suggested 
in the case of CCl, to explain its appearance. Of the principal Raman lines of 
SiCl,, the first (v2) is broad, the second (vs) is more sharp and the symmetric 
vibration (v,) is the sharpest of all. 1, is broad and diffuse with a fairly 
sharp edge towards the shorter wave-length side. This broadening might 
probably be due to the fact that the relation v,~(v, +s) which causes the 
splitting of », in the case of CCl, is very roughly satisfied even in the case 
of SiCl,. 

In conclusion, the author wishes to express his respectful thanks to 
Professor Sir C. V. Raman for his kind interest and suggestions in the course 
of this work. 

5. Summary. 

The Raman spectra of CCl, and SiCl, have been examined under low 
and high dispersion. In both cases a faint line has been observed close to 
the line corresponding to the total symmetric vibration. This faint line has 
a frequency shift of 434 cm.-! in the case of CCl, and is interpreted as the 
octave of the fundamental frequency 217-9 cm.-! The corresponding 
line in the case of SiC], shows a frequency shift of 440-5 cm.-! and is inter- 
preted as the octave of the fundamental frequency 22] cm.-! It is pointed 
out that the appearance of the octave in these cases might probably be due 
to its proximity to the total-symmetric vibration frequency which is respec- 
tively 459 cm.-! and 423 cm.-! in the case of CCl, and SiCl,, An additional 
faint line with a frequency shift of 145 cm.-! has been observed in the Raman 
spectrum of CCl, which is interpreted as a differential tone arising from the 
fundamental frequencies 459 cm.-! and 314 cm.-!, the summational of which 
causes the splitting of the fourth frequency, and the octave of whose summa- 
tional appears as a faint broad line at 1538cm.1 The broadening of the 
fourth frequency in the case of SiCl, might be due to a cause similar to that 
which causes the splitting of the fourth frequency in the case of CCl,. The 
total symmetric vibration in the case of CCl, shows a well-defined wing to 
its red side, sharply separated from the principal line. 
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7. Introduction. 


THE remarkably brilliant crimson luminescence of ruby was at first observed 
by Edmond Becquerel! by irradiation with sunlight and was later on, the 
subject of detailed investigations at the hands of several investigators notably 
Lecoq de Boisbaudran,? Du Bois and Elias,? Schmidt,‘ and Mendenhall and 
Wood. As has been observed by these authors, ruby furnishes an interest- 
ing example of a solid yielding sharp lines of luminescence and its spectrum 
consists of two intense lines at 6926 and 6942* accompanied by other lines or 
bands on either sides. The cathodo-luminescence of ruby was investigated 
by Sir William Crookes® and his results agree well with those obtained by 
visible light. The origin of this luminescence was the subject of prolonged 
controversy beween Becquerel and Crookes on the one hand and J,ecoq on 
the other. The former authors maintained that the agent causing lumines- 
cence was alumina while the latter insisted that the small trace of chromium 
present was responsible for the same. The detailed investigations of Wied- 
mann and Schmidt? and later by Schmidt® succeeded in showing that care- 
fully fractionated pure alumina is non-luminescent and a small trace of 
chromium (1: 10,000) is sufficient to make the lines appear intensely. 
Recently, Tanaka® showed that almost all the lines of the ruby coincide with 
the chromium series discovered by him and from that he was led to conclude 
that the small trace of chromic oxide present in ruby is the cause of its 
luminescence. 





1 Becquerel, E., Ann. de Chim. et Phys., 1859, 57, 125; 1861, 62, 90. 

2 Lecoq de Boisbaudran, Compt. Rend., 1887, 103, 1107, 1224; 1824, 104, 330, 478, 554. 

3 Du Bois, H., and Elias, J., Ann. d. Phys., 1908, 27, 233; 1911, 35, 635. 

4 Schmidt, G. C., Ann. d. Phys. U. Chem., 1904, 15, 622. 

5 Mendenhall, E. C., and Wood, R. W.. Phil. Mag., 1915, 30. 316. 

* The numbers in this and the subsequent pages denote the wavelengths in Angstrom units. 
6 Crookes, W., Chem. News. 1887, 55, 25 and 56, 59. 

7 Wiedmann and Schmidt, Ann. d. Phys. U. Chem,, 1895, 56, 201. 

8 Schmidt, G. C., Loc. cit. 

9 Tanaka, Jour. Opt. Soc. Amer., 1924, 8, 287. 
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Alumina in solid solutions with the oxides of other metals like copper, 
manganese, beryllium, samarium, etc., is also known to exhibit fluorescence,1¢ 
the colour of which varies with the active metal used. The luminescence of 
alumina in the form of aluminates or silicates in the natural state, namely, 
topas, spinel and smaragd, etc., has also heen investigated qualitatively 
but their complete spectral character and its bearing on the origin of lumines- 
cence has not been fully studied. 


In continuation of some unpublished work by Mr. Bhagavantam, the 
author has investigated the fluorescence spectra of the emerald, sapphire 
and ruby with a Fuess glass spectrograph of large aperture and having a 
dispersion of 100 A per millimetre in the 6900 region. A pyrex mercury 
arc as well as a carbon arc has been used as sources of illumination. A deep 
blue solution of cupro-ammonium sulphate surrounding the solid cut off the 
radiations of the source beyond 5500, where the tluorescence of these crystals 
appear. Ilford hypersensitive panchromatic plates, H and D 2500, are 
used for photographing the spectrum. The fluorescence of sapphire shows 
close similarity to the well-known spectrum of ruby ; but the emerald, which 
however belongs to the beryl family, possesses striking dissimilarities in its 
spectrum though some general features characteristic of the ruby are also 
noticeable in this case. 

2. Results. 

Emerald.—The most interesting of the substances investigated is the 
emerald. It was available in the form of round beads of about 1-5 cm. to 
2-5cm. in diameter and in different tones of colour ranging from greyish 
green to pale green. These beads possess a fairly constant density of 2-66. 
A transparent green crystal in the form of a cut jewel with polished faces, 
which gives almost the same spectrum as the beads, has a refractive index of 
1-5751 for the D-lines of sodium. A chemical analysist of one of the beads 
gives the percentage composition of the mineral as 3 BeO. Al,O . 6 SiO, with 
0 -3%, of iron and an easily detectable quantity (about 0-25) of chromium 
as well as small traces of rare earth elements. The fluorescence is very weak 
in these beads, an exposure of about twenty-four hours being required to 
obtain a fairly intense spectrum under the most favourable circumstances 
while the ruby has yielded the main lines in a minute. Its spectrum con- 
sists of two intense and sharp lines at 6806 and 6837, the latter being stronger 
and broader than the former and a system of diffuse bands on either sides. 
In order to understand which part of the spectrum of the source is responsible 


10 Handbuch der Exptl. Phys., 1928, 23, Part 1, p. 425. 
+ The chemical analysis was carried out by Mr. N. Jayaraman of the Department of 
General Chemistry of this Institute to whom the author’s best thanks are due. ’ 
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for this fluorescence, the intense lines of the mercury arc have been isolated 
by suitable filters and used separately for excitation and the fluorescence 
appears equally well and unchanged in character for the 4046, 4358 and 5461 
radiations of the arc. The wave-lengths of the lines are measured by 
comparison with the iron arc spectrum and the mercury arc lines and are 
classified in Table I together with their relative intensities. The wave-lengths 
given for the two intense lines at 6806 and 6837 are correct to + 1 A. An 
enlarged picture of the spectrum is reproduced in Fig. 1 of the accompany- 
ing Plate. In view of the characteristic dissimilarity of the spectrum of 
emerald from that of ruby, the author has also examined fairly transparent 
pieces of a bluish green and a deep green (smaragd) beryl. According to 
chemical analysis, also carried out by Mr. Jayaraman, the bluish green crystal 
has a structure 3 BeO. Al,O;. 6 SiO, but contains about 3% iron and only a 
very much smaller percentage of chromium than the emerald, barely detect- 
able during the analysis. It has yielded no fluorescence even on prolonged 
exposure of more than forty-eight hours though the Raman line! 647 cm-} 
appears in four hours. The deep green crystal possesses an intense fluores- 
cence between 4950 and 5450 in agreement with the observations of some 
earlier workers for beryl.!2 The significance of these results are discussed 
in a later section. 


Sapphire.—This was available in the form of light blue beads having 
a density of 3-95, thus evidently belonging to the corundum family. Blue 
crystals possessing deeper shades of colour are also examined in the form of 
cut stones and all of them have given an identical spectrum. The fluorescence, 
however, being extraordinarily feeble, very:long exposures of about forty- 
eight hours are required to record the spectrum and this, perhaps, accounts 
for the absence of any investigation on the luminescence of this mineral. The 
spectrum consists of two intense and sharp lines at 6927 and 6942 and a series 
of bands, resembling the spectrum of ruby and is illustrated in Figs. 4 and 6. 
The results are given in Table I along with those of emerald. 


Ruby.—In order to furnish a comparison for the spectra of the two 
former substances, the fluorescence of a few beads of natural ruby of density 
four have also been examined. An exposure of about four hours has vielded 
a very intense spectrum showing a number of interesting features which have 
not been observed previously. It may be mentioned that in the previous 
investigations of ruby instruments of large dispersion of about 3 A per milli- 
metre but only poor light-gathering power have heen used by Mendenhall 





11 Nisi, H., Proc. Phys. Math. Soc. Jap., 3., 1932, 14, 214. 
12 Gmelin’s Handbuch der Anorg. Chem., 1930, 26, Be. 21. 











C. S. Venkateswaran 


TABLE I. 
(a) Emerald at 35°C. (b) Sapphire at 35°C. 








ba age | Intensity oe Intensity 

7130 weak broad band 

6946 — 7060 very weak band 

6908 | weak, diffuse band|| 992 | weak band 

6837 very strong line ae wary: cavang: Rae 

6806 strong sharp line aa stony: sea tie 

6736 strong, tend 6802 broad diffuse band 

6633 medium band = weet tend 

6578 eisai tana 6690 medium band 
6592 strong narrow band 

















and Wood and Du Bois and Elias. While the latter authors recorded a large 
number of lines on either sides of the intense doublet at 18° C., Wood and 
co-worker!® were unable to reproduce their results at 23°C. With an exposure 
of one minute at a temperature of about 35°C. the author has been able to 
record the two lines reported by Wood and his co-worker with good intensity. 
At longer exposures many more lines and bands appear, some of which are 
observed for the first time. That Wood and Mendenhall did not obtain any 
but the most intense lines, is perhaps due only to the low intensity of the 
spectrograph and short time of exposure. The results obtained by the author 
are given in Table II together with those of the above authors. Besides the 
bands recorded by Du Bois and Elias, four new bands with centres approxi- 
mately at 7089, 7164, 7222 and 7266 in the red end and three bands at 6650, 
6495 and 6430 and a fairly sharp line at 6814 superposed by a weak band 
have been observed. These bands are also followed by a continuous spectrum 
between 6100 and 6900 which is especially noticeable in the over-exposed 
picture (Fig. 3). Because of the low dispersion of the spectrograph used, 
the sharp lines between 6946 and 7016 reported by the earlier workers are 
not resolved in the author’s spectrum and have appeared only as a blacken- 
ing in the Plate. Fig. 5 in the accompanying Plate shows that the lines 
6927 and 6945 are of unequal intensity as they are in sapphire. Fig. 2 gives 
an intense picture showing all the lines and bands clearly, particularly the 





13 Mendenhall and Wood, Loc. cit. 
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TABLE IT. 
Ruby. 
l Mendenhall Willi 
Author—35°C. Du Bois and Elias—18°C. and Wood—| Gi ohes 
° rookes 
23°C. 
Wavelength - Wavelength : Wavelength | Wavelength 
"in ALU. ey | in A.U. Soeeaiy in A.U. in AU. 
7266 | very weak band 
7222 very weak band 
7164 weak band 
7125 medium narrow band 7130 diffuse darkening 
7089 medium narrow band wear dark space 
7059 medium narrow band 7060 diffuse darkening 
7027 medium sharp line 7046 narrow band 
6992 weak sharp line 7016 narrow band 
Unresolved 
blackening group of lines} (diffuse) 
6945 very strong sharp line 6941 very strong band 6946 6942 
6927 strong sharp line 6926 strong band 6932 6937 
6814 weak sharp line ‘. 
(very weak 
continuous spectrum 
superposed ) 
6791 weak sharp line 6790 narrow band 
6753 medium diffuse band 6760 band 
6690 strong broad band 6690 diffuse band 6707 
6650 weak diffuse band sce 
6592 strong narrow band 6590 weak band 6598 
6495 weak band 
6430 very weak band sane 6514 
(approximate 
Continuous spectrum eoee centre of 
between 6100 and 6900 continuous 
spectrum) 
line at 6814 which almost coincides with one of the emerald lines. Fig. 3 
which is an over-exposed spectrum shows the new bands observed in the red 
end as well as the continuous spectrum. 
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3. Discussion of Results. 

Just as the ruby and the sapphire differ very little in their physical 
properties such as density, refraction and crystal structure, a close similarity 
exists also in their fluorescence spectra as can be seen from Figs. 2 and 4. 
According to Stillwell,!4 the blue colour of the natural sapphire is due to 
chromous oxide while the red colour of ruby is caused by a small percentage 
of chromic oxide. On the other hand there are some!® who presume that the 
blue colour is entirely due to ferric or titanium oxide and that chromium is 
completely absent in it. Artificial sapphire resembling the natural stone has 
also been successfully prepared by fusing a mixture having a composition" 
of 98% Al,O;, 1-5% Fe,O, and 0-5°4 TiO,. The only differences observed 
by the author in the fluorescence spectra of ruby and sapphire are: (1) the 
fluorescence in sapphire is extremely feeble as compared with that of ruby, 
(2) the doublets in ruby at 6791 and 6814 as well as at 7059 and 7089 are 
replaced by bands in sapphire. While it is not justifiable to draw any con- 
clusion from these regarding the state and nature of impurities causing 
colouration in them, it is to be inferred that in both the materials the same 
agent is responsible for fluorescence and as is pointed out in the beginning, 
chromium is present in some form or other in both the stones. 


In the case of the emerald in which alumina is largely diluted by the 
presence of the oxides of beryllium and silicon, the fluorescence spectrum is 


very different from that of ruby as can be seen from Figs. 1 and 2. There 
are also some striking similarities in their spectrum. The prominent lines of 
the emerald spectrum at 6806 and 6835 are sharp and it is remarkable that 
these lines almost coincide with the weak doublet at 6792 and 6814 in ruby. 
The occurrence of diffuse bands on either sides of these lines is also a feature 
in common with the spectrum of the latter. These broad bands bear a 
resemblance to the diffuse bands of ruby at temperatures higher than 200° C. 
and may sharpen at lower temperatures. It may be concluded from these 
that the luminescence in emerald is also, probably, caused by chromium. 
The fact that beryl containing very little or no chromium does not give this 
characteristic line spectrum, lends support to this view. But it is difficult 
to understand why the strong doublet at 6926 and 6945 in the ruby should 
be suppressed almost completely and the doublet at 6792 and 6824 should 
appear a little shifted as the most prominent lines in emerald. The line at 
6792 appears also intensely in the cathodo-luminescence of spinel!?7(magnesium 


14 Stillwell, C. W., J. Phys. Chem., 1926, 30, 1441. 
15 Krans and Holden, Gem Materials, 1925, 100. 
16 Verneuil, A., Compt. Rend., 1910, 150, 186. 

17 Crookes, W., Loc. cit. 
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aluminate). A proper explanation of this cannot be given at this stage; 
but it is possible that the presence of the other oxides in the crystal is re- 
sponsible for this behaviour. A study of the luminescence of alumina fused 
with chromic oxide and a large percentage of other oxides may throw light 
on this problem. It would also be of interest to examine the fluorescence 
of emerald at various temperatures, particularly at the liquid air temperature 
and compare the behaviour with that of ruby under identical circumstances. 
The author hopes to undertake work on these lines soon and the results will 
be communicated in due course. 

In conclusion, the author desires to express his grateful thanks to Prof. 
Sir C. V. Raman, for his keen interest and constant encouragement in the 
course of the work as well as for kindly placing his valuable collection of 
gems at the disposal of the author. 

Summary. 


The photo-luminescence of natural crystals of ruby, sapphire and emerald 
(beryl) has been studied at room temperature with a Fuess spectrograph 
of high light-gathering power. The ruby has yielded a number of new bands 
which have not been obtained hitherto. The spectrum of sapphire corres- 
ponds closely to that of ruby but with slight differences. The spectrum of 
emerald consists of two sharp lines at 6806 and 6835 accompanied by other 
diffuse bands and is compared with that of ruby. The fluorescence in sapphire 
and emerald is also discussed with respect to the origin of luminescence in 
them. Photographs of the spectra illustrate the paper. 
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7. Introduction. 


THE theory under discussion in this series of papers! is a modification and 
extension of Edser’s theory? ; it considers a liquid as composed of a number 
of simultaneously attracting and repelling force centres or molecules, each 
of which vibrates within a spherical space of diameter o, which is kept free 
from other molecules by the thermal motion of the occupying molecule. 
This, it should be emphasised, represents a statistical effect ; occasionally 
a molecule will be associated with a greater or even a smaller space, but 
usually there will be no other molecules within the associated space of 
diameter o, and outside it there will be uniform distribution of molecular 
centres. Near the melting-point, the translational motion of a molecule will 
be small compared with the vibratory motion within its spherical space. 

a is considered to vary with the temperature, and not as Edser assumed 
to be independent of it. It is calculated by supposing the spaces are closely 
packed so that it is related to V by the ies 

No = VvV2.. ‘ ‘ o 
It is also assumed that o, while it varies with seumpenntion. is relatively 
independent of small alterations in other variables; for example, it is 
assumed that 


(F = y= 7 e a  Q) 
In other words, the space Be it keeps clear by its thermal motion is an 


intrinsic property of a molecule at a given temperature. 

A number of formule for various properties of liquids have been 
developed in the previous papers. In Parts, I, II, III, the equations were 
of the type which related various properties of a liquid one to another, but 
one property of a liquid, say the density, had to be known before the 
remainder could be calculated. In Part IV, equations were deduced for the 








1 Ind. J. Physics, 1934, 8, Part I, 521; Proc. Ind. Acad. Sciences, 1934,1, Part II, 105; 
1935, 1, Part III, 795; 1935,2, Part IV, 1; see also Current Science, 1934, 3, 23; 1935, 3, 
347, 550. 

2 Brit. Assoc. Fourth Report Coll. Chem., 1922, 40. 
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forces on a particle vibrating in a spherical space under the influence of 
attractive and repulsive forces between the particle, and uniformly distri- 
buted matter outside the spherical space. 


The object of this paper, which is intended to be the last of the series, 
is to give a summarised presentation of the theory, with an outline of the 
derivation and application of the principal equations, and to show how with 
the aid of the equations derived in Part IV, the properties of a liquid could 
be calculated, if the temperature, and the fundamental properties of a 
molecule, the forces which it generates, are known. 


2. General Considerations. 


It is assumed that we are dealing with a liquid of low vapour pressure 
near the melting-point. The translational motions of the molecules are 
neglected, and each molecule is taken to be vibrating within its associated 
spherical space of diametero. It attracts and repels other centres by 


forces which are given respectively by = and ‘. It is assumed that when 


the molecule is at the centre of its associated space, the effect of the short- 
range repulsive force is negligible in comparison with that of the long-range 
attractive force. ‘The former force comes into play only when the molecule 
is displaced towards the circumference of its space. 


For a few substances » and m can be calculated from the gaseous 
second virial coefficient by the method of Lennard-Jones (See Part II, 
p. 108). For normal organic liquids, m = 11, and » can be related to the 
parachor P, which can be calculated from the atomic values without any 
direct measurement (See Part II, p. 107). Initially we will show how a 
number of properties of a liquid can be quantitatively deduced from T, o 
and » and m, or P, and we will then indicate how o could be calculated from 
a knowledge of T, », A, m and n. 


3. Surface Tension. 


Edser (Joc. cit., p. 62) has shown that the surface tension of a liquid is 
given by 
mN? 


> = 8(m— 5) V207-5 ee ee ee ee (3) 

It should be noted that in deriving y, the average effect of a molecule 
over a reasonably long time interval is obtained by assuming that its mean 
position is the centre of its spherical space, and that its vibrations can here 
be neglected. 
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Inserting (1) in (3) we have 
= ssaaeaeot ef 
’"“iaeen 4 .- & 
in which all the quantities are known. 
Alternatively we can combine (1) and (3) to give 








m+ 
3 
_ _™ N° 
y= im —6) m+ mil ee oi .- | 
V 3.9 6 
mth, mth 
aw * lv 3 _ ji ¥% x 
where 
m-+1 ast 
ee eee | a < 
4(m—5) mtl 
2 6 
If we put m = 11, (6) becomes 
P4 
7" wm .- es = os oo 
where 
mN* 
Pt a = oe - ve os — 
that is 
96 P4 


(8) is the parachor law for low vapour pressures. Since the parachor 
for normal liquids can be calculated from the molecular structure, (10) 
enables us to calculate » for such liquids. 


Table I gives values of » and m for some liquefied gases calculated from 
the second virial coefficient (Part II, p. 108), and also values of pw for some 














TABLE I. 
85 

Substance | m p Substance p* atts) 
He 7 5°77 x 10789 (C2H;)20 210-2 4-43 
H, 8 | 2-33x1078* || (CH3)2CO| 160-2 1-49 
Ne 7 | 25510759 |] CgoHig (#2)| 268-2} 11-7 
Ar 8} 1-41x10765 |} CHCl, 184-8 | 2-64 
No 8} 2-02x10765 || CCl, 222-0 | 5-52 
C.He 207-1 4-16 




















* Calculated from molecular structure. 
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normal organic liquids calculated by means of (10) (Part II, p. 107). 
These values are used throughout this paper. Table II shows the application 











TABLE II. 
Sub- | yY Y 
stance T ox10° (4) (obs. ) 
He | 1-5 4-02 | 0-33] 0-35 
H, ..| 15-0 | 3-97! 25 | 28 
Ne | 24-7 3-38} 5-9 5-6 
Ar “| 85-0 4-03 | 13-2 13-2 
Ne .-| 70-0 4-28 | 10-9 | 10-5 


{ 














of (4) to those substances for which » and m have been calculated from the 
second virial coefficient (Part II, p. 110); (8) is already known to hold with 
fair accuracy for normal liquids at temperatures of low vapour pressure. 


4. Internal Thermal Pressure. 


In Part III (p. 798), the thermal pressure on a unit plane in the liquid, 
which is the product of the number of molecular spaces in contact with 
the plane, the frequency of vibration of the corresponding molecules (see 
section 7) and the change in momentum in each vibration towards the plane 
due to the repulsive forces, is shown to be given by the equation, 

2 kT 
er ie 


where f is the fractional amplitude of vibration. 


. te 


5. Cohesive Pressure. 


Edser (loc. cit., p. 58) has shown that the cohesive pressure K of 
a liquid is given by 


2apN? 
K = 30m—4)o"*V2 ee oe ee ee (12) 


the terms due to the repulsive force being neglected. Substituting (1) in 
(12) we have 


4m, 
“Gp “ ‘i a »+ (13) 


in which all the quantities are known. 
Inserting (10) and (1) in (12) and putting m = 11, we obtain 
os FF 
= e * ay - _ ee .. (14) 
A4 F 
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The quantities in (13) and (14) are all known, V being at once derived from 
o by means of (1). Table III shows the application of (13) and (14). The 
values obtained with (14) are of the same order as those deduced by other 
methods. (See Hildebrand, Solubility, 1924, p. 99). 








TABLE III. 
| - | | bad 
Substance] T | ox 108 | mas) || Substance | T | axt0® boy 
| Boat | | 
He  ... 1-0 | 4-02 29 || (CoH;)20 | 273 | 6-16 | 1415 
He ..| 13-9 | 3-92 | 280 || (CH3)2co| 293 | 5-55 | 1840 
Ne _-.| 24:5 | 3-35 | 660 || CoHy4(~) | 273 | 6-64 | 1350 
Ar ..| 83-1 | 4-02 | 1320 |} CHCl, 288 | 5-71 | 2250 
N; ..| 63-1 | 4-23 | ago | coy 273 | 6-02 | 2300 
CyHg 279 | 5-87 | 2410 


























6. Fractional Amplitude of Vibration. 
At equilibrium the thermal and cohesive pressures are equal, since the 
external pressure can be neglected in comparison ; equating (11) and (13) we 


have 
V3(m_ — 4)o" RT 


p= — on rm - .. (15) 
or with (1) and (10), putting m = 11, 
T7V3kT V4 


Bp =  48o2 ° pe - (16) 


B can be calculated from (15) and (16). Further, differentiation of (15) with 
respect to T gives 


aqB  B . (m—1)B do 
= pt Se ‘i wm .» (17) 
=F 4 — as " -. (18) 


As o is assumed to be known at each temperature, a is known and hence 
from (18), 4 can be calculated, when f has been determined. Table IV shows 
the application of (15) and (16) to calculate B (Cf. Tables 1 and 2, Part 
III). The values are of the same order as those obtained for B,,.4. in solids 


from specific heat and other data. Values for pd are also given; it is 


usually about two-thirds of a. 
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TABLE IV. 
o | 
2 | aB |i @aB 
a ox B —_ . . ox B rs 
- Ae a ar Substance 1 8 a ai 
2 08 15 10 16 
2 ; (5) | as) | (16) | (18) 
a 
He | 1:0 | 4-02 ee 0-083 | 0-083 (C.2H;)20 | 273 | 6-16 | 0-0015 | 0-128 | 0-0011 


H. | 13-9 | 3-92 | 0-012 | 0-128 | 0-012 (CH 3)2CO} 293 | 5-55 | 0-0014 | 0-145 | 0-0012 
Ne | 24-5 | 3-35 | 0-014 | 0-153 | 0-011 CgHy,4(%) | 273 | 6-64 | 0-0014 | 0-106 | 0-0009 


Ar | 83-1 | 4-02 | 0-0044 | 0-151 | 0-0034 || CHCl; ..| 288 | 5-71 | 90-0012 | 0-107 | 0-0008 
N. | 63-1 | 4°23 | 0-0048 | 0-114 | 0-0031 || CCl, --| 273 | 6-02 | 0-0012 | 0-085 | 0-0007 
CoHe --| 279 | 5-87 | 0-0012 | 0-088 | 0-0007 






































7. Frequency of Vibration. 


As shown in Part III (p. 797), the frequency of vibration of a molecule 
within its spherical space is given by 





1 kT 1 
v= Won z Bo oe o- (19) 
which with (15) gives 
ue ( V2m)p (20) 


V/3(m—4)o%/m SRT 
in which all the quantities are known. If we put m = 11, (20) on insertion 
of (1) and (10) gives 

8 76 P* o 

"TV Vi Vink ae 

Table V shows the application of (20) and (21). It should be noted that 

if in (19) we put 8 = 0-1, the equation reduces to Lindemann’s equation 
for the frequency at the melting-point (See Part III, p. 798). 








TABLE V. 
| | + eel 
Substance | sy axX10 (20) Substance ox10 | (21) 
He «| 160] 4-02 | 5+44x1022 (C2H5)20 ..| 273] 6:16 | 8-84x1012 
H, --| 13-9 | 3-92 | 1-92x1012 (CH3)2CO ..| 293] 5-55 | 1-01x1012 
| 
Ne +-| 24-5 | 3-35 | 7-81x1012 CoHis(n) «-| 273] 6-64 | 9-06X1011 
Ar - 83-1 | 4-02 | 8-64x10%2 CHCl; .| 288] 5-71 | 9-21x1022 
Nz ..| 63-1 | 4-23 | 1613x1012 CClk ..| 273 | 6-02 | 9-45x1012 
C,Hy 1-32x1012 















































not available. 
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8. Viscosity. 


1= 3 vaN Bo 


which with (15) gives 


_. @4¥e » 
1 ~~ 34/3(m—4) o*1 RETF 


128 


In Part III (p. 802), it has been shown that 
Mit? 


w Mt 


M? p4 
1 73m RET V4 


TABLE VI. 


Table VI shows the application of (23) and (24). 
which 7 is known, the agreement is fair, particularly when allowance is made 
for the fact that for some of the substances, data near the melting-point are 


Putting m = 11, and inserting (1) and (10), (23) becomes 





For substances for 
























































| 

Substance ¥ ax 108 (25) (oles) Substance ¥ Vv (34) teks.) 

| | 
He ..| 2-3] 4-02 | 0-0002 | 0-0003 || (Cetfs)20 --| 198 | 90-7 | 0-011 | 0-009 
H, ..| 13-9 | 3-92 | 0-0006 | (CHg)2CO .-|-200 | 64-9 | 0-013 | 0-018 
Ne ..| 24-5 | 3-35 | 0-0029 | CoHys (2) 3 273 | 127-0 | 0-007 | 0-004 
Ar ..| 83-1 | 4-02 | 0-0053 | CHCl, | 263 | 77-2 | 0-014 | 0-008 
N: .-| 63-1 | 4-23 | 0-0046 CCh ..| 273 | 94-2 | 0-015 | 0-013 
CoHe | 279 | 87-3 |'0-011 | 0-008 

| 










formula 












3 Loc. cit., p. 67. 


9. Internal Work of Evaporation. 


Edser® has shown that the internal work of evaporation is given by the 


ae __ 2mNP 
= 3(m —4)Vo-4 
which inserting (1) gives, 
A, = 2 ¥2mmN 
* ~ 3(m—4\o"-1 
(26), when m is put = 11, becomes, if (1) and (10) be inserted, 
32 Pé 
A= 7 WE 


. 
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10. Internal Latent Heat of Evaporation. 
The Gibbs-Helmholtz equation gives 








dA; 
a a 9a é = .. (28) 
From (25) we have 
5A;\ _ —(m—4)A;/ Se 
, st Jv ~ ae ie ‘ eth 
which with the assumption contained in (2) gives 
8A;\ _ —(m—4)A; (80 
| ory = ee (sr), x 2 .. (30) 
oe . (31) 
since 
; 1/ 8V 
=“ VND ~ 
and hence from (1) 
3 (do 
=5(5), es cs = .. (33) 
Hence from (28) and (31), 
i « & [ 24 ed . (84) 
where A; is given by (26). From (27) we have 
32 Pt TTa 


Table VII shows the application of (34) and (35). The agreement with 
(34) is better than with (35). 
11. Specific Heat Equations. 
In Part I (p. 528), the application of the following three specific heat 
equations is discussed :— 





i Cy —, =< (FF), is x i .. (36) 
) = Aa{1+ Tim Nie Se) = .. (37) 
8L,\ (8V 
: i) — Cy (5 (sa J ‘i .. (38) 
SL, 
= Bw) eV oe ee ee ee (39) 
= La‘ - éa - .. (40) 
= (1 + ieee) - - .. (41) 


* Cf. Tyrer, Zeit. Phys. Chem., 1914, 87, 177. 
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81; 
(0) Cop: ~ Cop = fe —— % ¥ -. (42) 


«a2 “=o 2 
_ Aw = a i bs ~ .. (43) 
As Tables II and III (Part I) show, the agreement with m, 9 to 11 between 
the observed and calculated values is moderately good, particularly when it 
is remembered that the fundamental equations, (36), (38) and (42) are only 


approximately valid. In these calculations (4) was used to replace yu by y. 
12. Compressibility, 
The compressibility of a normal liquid’ is given by 
o wt. oe 
L; 

Table VIII shows values of c calculated from (44) using values of L,; 
derived from (34) or (35). For those substances for which c has been 
measured, the agreement between the calculated and observed values 
is satisfactory. 


. (44) 


13. Vapour Pressure. 

A vapour-pressure equation has also been derived (Part III, p. 803) but 
the results obtained are only approximate and it need not further be 
discussed here. 

14. Direct Calculation of o. 

As shown in Part IV, the total work done by the repulsive and attrac- 
tive forces as a molecule passes from the centre of its spherical space to a 
distance x from that centre is given by 


he: Se Sse 
Wi = 4 V3e( we) * .. (45) 





where 
X-(m-5) _ y-(m-5) X-(m-4) 4. Y-(m-4) 1 
m = — +35 TT —s; —7—7, -- (46 
2 (2)(m—5) (m—3)  2(m— 4) (m—3) lee at 


and corresponds to m. 
In (46) 





X = 1-—- 


Co 
and 


o 
The equilibrium equation is 


ee pm = 
agit 50 oe) 








> Cf. Edser, loc. cit., p. 80; Lewis, Zeit. Phys. Chem., 1911, 78, 24, 
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The value of = which satisfies this equation is = f/2. 
Cc 


From (15) we have 


= Cf mT ; “ . (50) 

where C isa vii and insertion of (50) in (49), gives an contin in B 
which can be solved by graphical methods when y, A, m, n, and T are known. 

The results given in the previous portion of this paper indicate that p 
and m can be calculated from the second virial coefficient and applied to 
the liquid state. Attempts to use the corresponding values of A and m in 
(49) led to values of 8 which were much too large. The repulsive force 
though negligible when the molecule is at the centre of its spherical space 
appears to increase when the molecule is displaced from the centre of the 
space much more rapidly than the corresponding repulsive force in the 
gaseous state. Until some means have been found for determining A and n 
for the liquid state, it will be impossible to evaluate (49) and thus directly 
determine 8 and thence o by means of (15). 

NOTATION ADOPTED. 
A; Internal work of evaporation. Work done against van der Waals forces in evaporating 
isothermally 1 g.-mol. of a liquid to the state of infinitely dilute vapour. 

c Compressibility. 
Cy: Molecular heat of the liquid at constant pressure. 
Cy Molecular heat of the liquid at constant volume. 
Cyg Molecular heat of the liquid vapour at constant volume. 
K Internal pressure. 
k  Boltzmann’s constant. 
L; Internal latent heat of vapourisation. 


m Index of the power of the inverse distance expressing the variation of \the attractive 
force between two molecules. 


Molecular weight. 

Mass of a molecule. See also (46). 

Index for the repulsive force. 

Number of molecules in 1 g.-mol. 

Parachor constant. 

External pressure. 

Internal thermal pressure. 

Gas constant. 

Distance between two molecules. 

Absolute temperature. 

Volume of 1 g.-mol. of the liquid in the normal state at T. 

Distance a molecule is removed from the centre of its spherical space. 

Coefficient of thermal expansion of a liquid. 

Fractional amplitude of vibration of a molecular centre within its spherical space. 
Viscosity. 

Surface tension. 

Repulsive force coefficient. 

Attractive force coefficient. 

Frequency of vibration. 

Diameter of spherical space which a molecule keeps clear around it by its thermal motion. 


Qs Fre SsDwe’a cH rPyrvyuymzrse 

















RAMAN SPECTRUM OF DEUTERIUM: II. 
Intensity and Polarisation Characters. 
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7. Introduction. 


In Part I of this series (Bhagavantam, 1935), the author described a preli- 
minary investigation of the Raman spectrum of deuterium. In the present 
paper a quantitative study of the intensity and polarisation characters of 
the various Raman lines is made and the results are compared with the 
conclusions of the existing theories of Raman scattering by gaseous molecules 
(Manneback, 1930 and Placzek, 1934). More intense and satisfactory 
photographs of the scattered light have incidentally been obtained and a com- 
plete analysis is made of all the new lines appearing in the scattered spectra. 
2. Experimental. 


Measurement of Relative Intensities——The preparation of deuterium 
under pressure, the experimental tube and the illuminating arrangements, 
have all been already described in earlier papers. In this investigation 
an intense picture is obtained by giving a continuous exposure of about 
6 days for purposes of measuring the relative intensities of the lines. The 
Plate is run through a Moll microphotometer and the densities of the various 
lines are obtained in the usual way. A set of intensity marks is recorded 
on the same Plate by the method of varying slit widths using the continuous 
radiation emitted by a standard quartz globe tungsten ribbon lamp as the 
source. A steady current of 14-8 amperes is maintained in the lamp by 
feeding it from a battery of 220 volts. The colour temperature T of the lamp 
corresponding to this current is given by the makers as 2660 and the radia- 
tion emitted by the lamp is therefore assumed to obey the Wien’s law 
I, = AX e-42/TA where c, =1-432, T=2660 and A is aconstant. The density 
at any desired wave-length is obtained for each of the intensity marks by 
running the Plate through the microphotometer under the same conditions: 
as above and the corresponding intensities are taken as proportional to their 
respective slit widths. In this way, the density-log intensity curves are 
drawn for each wave-length at which the various Raman lines that are to 
be compared with each other appear. The intensity of any line as a fraction 
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of the standard radiation having the same wave-length as the line itself is 
easily read off from the above curves and the relative intensities of the 
various lines are then computed from a knowledge of the intensity distribu- 
tion in the radiation emitted by the lamp. It may easily be seen that this 
- procedure totally eliminates errors due to variations in the photographic 
sensitivity of the Plate in different regions of the spectrum. 


Polarisation Characters.—¥For this purpose, a suitably oriented double 
image prism is introduced in the path of the scattered light and the two 
images representing respectively the vertical and the horizontal components 
are focussed one above the other on the slit of the spectrograph. They are 
thus simultaneously photographed (see Plate XXV) and fluctuations in 
the intensity of the incident radiation are not therefore of any consequence, 
On the same Plate is recorded as before a set of intensity marks by the method 
of varying slit widths using the standard tungsten ribbon lamp. _Density- 
log intensity curves are drawn for each one of the wave-lengths at which 
the Raman lines appear and a knowledge of the densities of the horizontal 
and vertical components of any particular line enables us to obtain the de- 
polarisation ratio from the corresponding density-log intensity curve. 
Depolarisation factors obtained in this manner are subject to corrections 
arising from (i) depolarisation introduced by oblique refraction at the prism 
surfaces, and (ii) a certain lack of transversality between the incident and 
scattered rays. The method of determining and applying these corrections 
has already been described by the author in earlier papers (Bhagavantam, 
1932) and the values given in the following pages are obtained after applying 
these corrections. 


3. The Raman Spectrum of Deuterium. 


The main frequency shifts observed in the Raman spectrum of deuteriuni 
have already been given in Part I. In a subsequent paper (Bhagavantam, 
1935), a further set of faint lines have been reported and attributed to the 
presence of a small proportion of hydrogen deuteride molecules in the sample 
under investigation. ‘the relation of the observed frequency shifts to the 
molecular constants has been discussed. In more intense pictures that 
have since been obtained, all these frequencies are confirmed and some of 
them are found to be excited by two or even three different lines of the 
incident spectrum. It may be noted that using the full range of the mercury 
lamp in the visible region, no fewer than about 28 lines have been 
recorded with this simple substance. A complete list of the observed lines 
and their assignments to the various exciting radiations are given below 
in Table I. 
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TABLE I. Raman Spectrum of Deuterium.* 
acid Approx. Rel. Sactshag the | Quantum transition 
| j 
3979-4 1 4046 4—>2 
3999-1 1 i 3>1 
4017-9 2 a 2>0 
4090-0* 0 ‘i 0-2 
4096-3 4 ™ 1>3 
4097-8 1 3650 01 
4104+5 1 3654 0-1 
4115-7 6 4046 24 
4121-5* 4 ‘i 1—>3 
4128-0 3 4077 1>3 
4135-1 2 4046 335 
4147+6 + 4077 2—>4 
4154-9 2 4046 4—>6 
4281+3 1 4358 4—>2 
4302°5 1 A 3>1 
4308-+7* 0 " 2>0 
4324-5 2 - 2>0 
4392-7 4 ‘ 0—>2 
4409-6* 0 m 0-2 
4415-6 3 ‘ 13 
4438-7 5 - 24 
4443-8* 2 x 13 
4461-6 2 ‘ 35 
4478 -9* 0 ss 2>4 
4484-1 2 - 4—>6 
4604-3 4 4046 0-1 
4644-7 + 4077 : 0-1 
5009-5 0 4358 0-1 























* Lines marked with an asterisk arise from hydrogen deuteride molecules. 
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4. Relative Intensities of the Rotation Lines. 


In Table II the observed intensities of the various rotation lines are 
compared with the calculated values. The calculations, details of which 
are to be found in Part I, refer to a temperature of 30°C. ‘he figures are 
only relative and have no absolute significance. 


TABLE II. 
Relative Intensities of the Rotation Lines. 





PP Series RR Series 


Transition Transition 








Calculated Observed Calculated Observed 





*57 0-69 0-2 1-33 1-34 
-22 0-4 i-> 3 0:90 0-82 


-20 0-4 2—>4 1-47 1:40 





-O1 oe 325 0-41 0-46 
4—>6 0-32 0-38 


5—>7 0°02 

















The agreement between the two sets of values is fairly satisfactory. Appre- 
ciable discrepancies are, however, to be noticed in connection with the two 
relatively faint antistokes lines but these may he attributed to the fact that 
errors in photometric measurements are more likely in cases of such faint 
lines. According to the theory we should expect the 2—4 line to be the 
most intense and this is confirmed. The calculations clearly show that the 
intensity of the rotation lines rapidly falls off from the sixth line onwards 
on the stokes side and the fourth line onwards on the antistokes side and in 
order to obtain these, one would have had to expose the picture for about 
fifteen times the normal period. The non-appearance of these lines in the 
photographs (Plate X XV) is thus fully explained. 

The fact that the rotation lines representing transitions between even 
levels are stronger than those representing transitions between odd levels 
is contrary to what is observed in ordinary hydrogen and shows that the 
nuclei obey Bose-Einstein statistics. The quantitative agreement between 
the observed results and the detailed calculations as given in Part I further 
confirms the view that the deuterium nucleus has a spin moment of one unit. 
The deuterium nucleus thus differs from the hydrogen nucleus in these two 





Raman Spectrum of Deuterium : [I 481 


important respects as the latter conforms to Fermi-Dirac statistics and has 
a spin moment of only half a unit. 


5. Polarisation of the Raman Lines in Deuterium. 


The Raman spectrum obtained for this purpose with a double image 
prism in the path of the scattered light is reproduced in the Plate accom- 
panying this paper. The vertical and horizontal components are clearly 
separated from each other. The almost complete depolarisation of all the 
rotation lines stands out in marked contrast with the nearly perfect state 
of polarisation of the three vibration lines marked V. R. and excited respec- 
tively by A 3654, 4046 and 4358 radiations of the mercury arc. ‘The vibra- 
tion line excited by A 3650 falls nearly on the top of a rotation line 1>3 
and the admixture consequently exhibits a state of polarisation which is 
intermediate. The results obtained are given in Table III. 


TABLE III. 


Depolarisation of the Raman Lines. 





n:0—>1 
Transition J: 270| 0-2 /1->3 |- 2-4 3-5 J:0->0, 
1 +1, etc. 





ie 0-83 0-18 


0-88 

















Depolarisation | 0-84 0-86 0-84 








All the values, with the exception of 0-88 for 24 rotation transition and 
0-18 for the vibration transition, refer to lines excited by A 4358. The latter 
two are obtained with lines excited by A 4046. A depolarisation factor of 
0-86 is to be expected for all rotation lines when unpolarised incident light 
is used and the observed results closely agree with this expectation. The 
low value of 0-18 for the vibration line compares well with 0-13 reported 
earlier by the author for the vibration line in ordinary hydrogen 
(Bhagavantam, 1932). 
6. Intensity of the Vibration Line. 


A direct comparison is made of the intensity of the vibration line 
excited by A 4046 with the rotation line 24 excited by the same radiation. 
Since this rotation line has been found to be about 1-4/5-9 of the total 
rotational scattering (see Table II), it is easy to compute the intensity of 
the vibration scattering in relation to the aggregate rotational scattering. 
These figures are given in Table IV. If we further provisionally assume 
that the aggregate depolarisation of the scattered light in deuterium is the 
Same as in hydrogen (about 2%), it follows that the aggregate rotational 
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scattering will be about 3/100 of the Rayleigh scattering and an approximate 
estimate may be made of the intensity of the vibration scattering in relation 
to that of the Rayleigh line. The figure so obtained is given in column 4 
of Table IV. This may be compared with the corresponding figure 4-2 x 10° 


TABLE IV. 
Intensity of the Vibration Line. 





Vibration line (7 - 0->1)| Vibration line (#7: 0-1) | Vibration line (#: 0-1) 
| Rotation line (J: 2-4) | Aggregate rotation scattering Rayleigh line 





Comparison 





Relative Intensity | 0-43 | 0-10 3x 10-3 


| 


obtained in ordinary hydrogen and shows that like hydrogen, the vibration 
Raman line in deuterium is about 1/300 of the Rayleigh line. Such a large 
intensity of the vibration scattering is exceptional in gases and has so far 
been observed only in hydrogen besides deuterium. 





7. Summary and Conclusion. 


Measurements have been made of the intensity and polarisation of the 
lines in the Raman spectrum of deuterium. The results, when compared 
with those calculated from the theory of rotational Raman scattering due 
to Manneback, show satisfactory agreement. 


The vibration Raman line in deuterium is found to exhibit a depolari- 
sation factor of 0-18 and an intensity of about one-tenth the aggregate 
intensity of the rotational scattering. From this result it is estimated that 
the intensity of the vibration line is about 1/300 of that of the Rayleigh line. 
This is an unusually large ratio for gases and has hitherto been found only 
in hydrogen. 

Further work in relation to the fine structure of the vibration line and 
the intet-comparison of the P, Q and R branches is in progress and will form 
the subject-matter of the next paper in this series. 

The author desires to express his grateful thanks to Prof. Sir C. V. Raman 
for his kind interest in the work. 
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Introduction. 


For some time past this laboratory has been engaged on a study of the kin- 
etics of the benzoin reaction between solid potassium cyanide and benzal- 
dehyde.1 It has been shown that when pure potassium cyanide and pure 
benzaldehyde react, two concurrent reactions take place : a fast homogeneous 
autocatalytic reaction, which requires the presence of benzoin, between 
benzaldehyde and the trace of potassium cyanide dissolved in it; and 
a slow heterogeneous reaction between benzaldehyde and the solid potassium 
cyanide. 

The object of the present paper has been to study the reaction between 
potassium cyanide and benzaldehyde in the presence of inert organic liquids 
and of hydroxy-compounds. 


It has been shown that with inert solvents the heterogeneous reaction is 
unaffected, but the homogeneous reaction is decelerated ; because, a portion 
of the dissolved potassium cyanide is precipitated. The action of hydroxy- 
compounds is complicated, but on the whole, they accelerate the reaction. 


Morton and Stevens* have previously investigated at room temperatures 
the course of the reaction in presence of relatively large amounts of various 
solvents, but owing to the difference between their experimental conditions 
and ours it is difficult to compare the results. 


Materials Employed. 
Benzaldehyde.—Merck’s purest benzaldehyde, which gave consistent 


results, was used. It was stored in small quantities in an atmosphere of 
nitrogen and checked at intervals by standard experiments. 


Potassium cyanide.—Kahlbaum’s purest cyanide, which had been dried 
at 110° C. at 2 mm. pressure for 2 hours, was used. It always gave consistent 
results indicating uniformity of particle size. 


* Parts I, II and III, J. Phys. Chem., 1935, 39, 727, 901, 907; Curr. Sci., 1935, 4, 94. 


* J.A.C.S., 1930, 52, 2031. 
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Benzene.—Merck’s purest thiophene-free benzene was used. 

Chlorobenzene.—Merck’s pure chlorobenzene, freshly distilled, was used, 
In a few control experiments Kahlbaum’s purest chlorobenzene was found to 
give similar results. 

Toluene.—Merck’s purest toluene was used after distilling. Kahlbaum’s 
toluene, “‘free from sulphur, for the determination of molecular wieghts’’, 
gave similar results. 

Chlorotoluene.—Kahlbaum’s chlorotoluenes (0-, m- and f-) were used 
after distilling. 


Benzyl chloride-—Kahlbaum’s purest benzyl chloride was used. 

Cyclohexane.—Kahlbaum’s cyclohexane was used after distilling. 

Pentane.—Kahlbaum’s purest pentane reagent was used. 

Chloroform and Carbon tetrachloride——Kahlbaum’s purest varieties were 
employed. 

Thiophene.—Kahlbaum’s purest thiophene was used. 


Acetone.—Kahlbaum’s acetone ‘‘ Pro Analysi’’ was employed; Kahl- 
baum’s acetone “‘from bisulphite compound’”’ gave similar results. 


Alcohols —Kahlbaum’s ‘‘ Methanol, Pro Analysi’’ was used; Merck’s 
absolute alcohol was dehydrated over calcium metal and distilled before 
use. Kahlbaum’s purest ethylene glycol and Merck’s extra pure glycerol, 
freshly distilled under reduced pressure and kept in presence of phosphorous 
pentoxide, were also employed. Pure samples of erythrite, mannite, dulcite, 
sorbite and inosite from Kahlbaum were used. 


Experimental Results. 


Benzene.—Figs. 1, 2 and 3 show the effect of addition of benzene on the 
rate of the benzoin reaction. It will be seen that the curves obtained with 
the same quantity of benzene and different amounts of potassium cyanide, 
are parallel for the autocatalytic portion of the reaction, and that increase 
in the amount of benzene decreases the rate of reaction. Since the curves 
are parallel the rate of the autocatalytic reaction is seen to be, as in the 
experiments without benzene (/oc. cit., Part I, p. 733), independent of the 
total quantity of KCN present, and determined by the quantity of KCN 
dissolved in the benzene-benzaldehyde-benzoin mixture. 


The equation for calculating the course of the reaction curve for the 
reaction upto the conversion of about half of the benzaldehyde, which was 
worked out in Part I, can here be applied using the same value for the 
heterogeneous constant as previously employed and choosing a smaller value 
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for the homogeneous constant, since a portion of the potassium cyanide has 
been precipitated. The equation is :— 


{e'= —1/h,[ 


—50 (11-51) (30-+2X’) 
(10-X’)n’ (10+ X’? 
(20 +X’)? 

(10+ xX’)? 


log n’ — 





(1-15) log (10 +X’ —n')] 
or, when X’ is small, 
t—c' = —1/h,{ —5/n’ + 3-45 log n’ —4-60 log (10+ X’—n’)], 

where 

n’ =gram. benzaldehyde remaining at time /, 

k, =the value of the homogeneous constant, 

X’ =2k,'/k,, Ro’ being the heterogeneous constant, 
and c’ is a constant. 

k,’ for 1g. effective KCN per 10 g. benzaldehyde =0-185, and &, is chosen 
so that the curve will fit one result. Effective KCN, it may be noted, is the 
gross quantity of potassium cyanide used less 0-17 ¢g., since it has been 
found previously (Part I, p. 730) that 0-17 g. KCN is always ineffective 
in the experiments. 

Other Inert Solvents—The results with chlorobenzene, toluene, chloro- 
toluene, benzyl chloride, cyclohexane, pentane, chloroform and carbon 
tetrachloride were of the same type as with benzene. Pentane was found 
to have a definite inhibiting effect though Morton and Stevens (loc. cit.) 
claim that it accelerates the reaction. 

Fig. 4 shows the effect of various solvents on the value of k,, the homo- 
geneous constant. The action of carbon tetrachloride is greatest. Pentane, 
cyclohexane and benzene have much the same effect. 

Thiophene. 

Experiments were made with thiophene as it was found that benzene, 
not thiophene-free, showed a greater inhibiting action than the pure benzene 
employed. The results with thiophene show that it is an inhibitor of the 
type studied in Part II; very small quantities prove definitely inhibiting. 

Fig. 5 shows the effect of quantities of up to 0-42 g. on the reaction. 
Since it acts purely on the heterogeneous reaction and the homogeneous 
reaction is not affected, it is possible to obtain a coincidence between curves 
with a smaller amount of pure potassium cyanide and potassium cyanide in 
presence of thiophene. (See Fig. 6; cf. Part II, p. 901.) 

For each of the thiophene curves we can find what was the equivalent 
amount of pure potassium cyanide that gives the same results, and in this 


way obtain Fig. 7 which shows the amount of potassium cyanide rendered 
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inactive by given amounts of thiophene. It will be seen that the curve is 
of the adsorption type, the effect of small quantities of thiophene being much 
greater in proportion. 

Acetone. 

As benzoin accelerates the reaction, the effect of acetone was studied, 
and it was found that it also acted as an accelerator as shown in Figs. 8 and 9. 
The accelerated portions of the curves for the same quantity of acetone are 
parallel and can be reproduced by the equation :— 

t—c' = —1/k,[ —5/n’+3-45 log n’ —4-60 log (10+X’ —n’)] 
by taking the normal value of ,’, the heterogeneous constant, and an in- 
creased value of k, which is independent of the amount of potassium cyanide 
present. 

Acetone, therefore, would appear to act by increasing the amount of 
potassium cyanide dissolved in a given mixture of benzaldehyde and benzoin. 
Fig. 10 shows that the value of k, plotted against the amount of acetone 
gives a straight line. 

Methyl and Ethyl Alcohols. 

Both alcohols show an accelerating effect on the reaction. The results 
are, however, complicated (see Figs. 11 and 12). Small quantities 
accelerate the heterogeneous reaction; intermediate quantities delay the 
start of the homogeneous catalytic reaction, while larger amounts accelerate 
the reaction from the beginning. 

Ethylene Glycol. 

The results with ethylene glycol (Fig. 13) are of the same type as those 
obtained with methyl and ethyl alcohols. 
Glycerol. 

With different amounts of glycerol and the same quantity of KCN the 
time-yield curves are nearly parallel (see Fig. 14), showing that the rate of the 
accelerated reaction is independent of the quantity of glycerol used. Owing 
to the limited solubility of glycerol in benzaldehyde a constant amount of 
glycerol is dissolved in the benzaldehyde. Glycerol also accelerates the 
heterogeneous reaction. 

Fig. 15 shows that the curves obtained with small quantities of alcohols 
can be made approximately to coincide with curves obtained in the absence 
of alcohol and with larger quantities of KCN. Thus we may deduce that 
alcohols in small quantities do not affect greatly the homogeneous catalytic 
reaction but accelerate the heterogeneous reaction. 

Polyhydric Alcohols. 
Polyhydric alcohols increase the rate of reaction even in small amounts 
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(see Fig. 16). The effect, however, does not increase with the amount of 
the alcohol added, probably because, these alcohols have a very limited 
solubility in benzaldehyde. 

A comparison of the results obtained with the hydroxy-compounds 
shows that glycol and glycerol are more powerful accelerators than methyl 
and ethyl alcohols. Thus the accelerating effect appears to increase with 
the number of hydroxy-groups in the molecule of the compound added. A 
definite acceleration has been observed with 0°2% of polyhydric alcohols 
in benzaldehyde, 0-35°% of glycerol and 0-5°% of glycol. 

It will be seen that the results with alcohols are much more complex 
than with inert solvents and do not admit of mathematical formulation. In 
all cases they accelerate the reaction, probably by increasing the quantity 
of potassium cyanide dissolved. But they tend, in certain quantities, to 
delay the start of the homogeneous reaction. It is this dual effect which 
makes the results complicated. 

It should be remembered when discussing the results with hydroxy- 
compounds that they may react with benzaldehyde to form acetal derivatives. 


Summary. 

1. Inert organic solvents, when added to a mixture of solid potassium 
cyanide and benzaldehyde, precipitate a portion of the small quantity of 
potassium cyanide dissolved in the benzaldehyde, and thus cause the homo- 
geneous autocatalytic reaction to proceed more slowly. ‘They do not affect 
the heterogeneous reaction. 

2. Hydroxy-compounds accelerate the benzoin reaction and the accele- 
rating effect increases with the number of hydroxy groups. 











PIGMENTS OF COTTON FLOWERS. 
Part Il. Uppam (Gossypium herbaceum) 
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Uppam (G. herbaceum) is an important dry-land cotton grown widely in 
South India since it is well adapted to withstand drought. The flower 
petal is yellow with deep crimson spot near the base. The petals used in 
this investigation were collected from the Central Farm, Coimbatore. At 
the close of the picking season the fresh flowers were collected, the petals 
removed and dried in the sun to crispness as rapidly as possible and then 
stored in cloth bags. 


A. G. Perkin (1916) made a chemical study of the flower petals of 
G. herbaceum which he called the ordinary Indian yellow cotton flower and 
found that it contained Gossypitrin as the main component along with some 
isoquercitrin. It is not possible to find out exactly how his material differed 
from ours. He seems to have obtained his supply from North India. We 
are informed by the Cotton Specialist, Coimbatore that the North Indian 
Herbaceums are of longer duration, bushier in habit, often finer in quality 
and longer in staple ; the fibres are more difficult to gin than those in Madras. 
The flower petals, however, seem to be quite similar in appearance. 


The results of our investigation are rather different from those of Perkin. 
We find that the chief components are gossypitrin (9g. from 2200 g.) and 
quercetin (10g.). Besides these we isolated in a fair yield (3 g.) a new glyco- 
side which we find to be a monoglucoside of a new flavonol and small quan- 
tities of gossypetin (1 g.). We have not been able to detect the presence 
of any quercetin glucoside in the flowers. If any should be present, the 
quantity should be exceedingly small. When an alcoholic extract of the 
flowers was concentrated and allowed to stand for several days, a good amount 
of a crystalline solid was deposited. Perkin (1916) obtained a similar solid 
and found it to be easily soluble in water and inferred that it consisted of 
alkali metal salts of the pigment. We have observed that though this 
deposit is easily soluble in hot water, it dissolves rather sparingly in the 
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cold, that it gives very little residue on igniting in a platinum crucible and 
that its aqueous solutions are not alkaline to litmus. We find that it con- 
tained almost all the gossypitrin of the flowers in a fairly pure state. Our 
observations with these flowers do not therefore support Perkin’s view that 
the pigments are present in them as alkali metal salts of the glucosides. 

A detailed study of the new glycoside will be published later as soon as 
its nature is known definitely. Our samples of gossypitrin and gossypetin 
agree closely in properties and reactions with those isolated by Perkin and 
the aglucone synthesised by Baker, Nodzu and Robinson (1929). We have 
adopted Robinson’s method of examining the colour reactions in buffer 
solutions of varying p, and we find that our sample of gossypetin produces 
the same colour effects as recorded by him. This method gives useful 
results with gossypitrin also and easily distinguishes between the two. Our 
samples of gossypitrin and its acetyl derivative melt higher than those of 
Perkin probably due to their being purer. 

Experimental. 


Isolation of Gossypitrin—Dry petals of G. herbaceum (2200g.) were 
powdered; extracted repeatedly with boiling rectified spirits till the pigments 
were completely removed and the alcoholic extract concentrated to about 
800c.c. On allowing it to stand for some days a large quantity of deep 
yellow crystalline solid (needles) was deposited (cf. Perkin, 1916). It was 
not easily soluble in cold water or alcohol but dissolved readily on heating 
and crystallised out on cooling. The aqueous solution was neutral to litmus 
(rather faintly acidic). Ignition of the crude substance in a platinum 
crucible gave a very small quantity of ash which consisted mostly of alkali 
chlorides. It did not therefore appear to be a metallic salt of a glycoside 
pigment. 

The crystalline sold was filtered, washed with a little alcohol and boiled 
with a sufficiently large quantity of water (about 800c.c.). The vellow 
pigment dissolved and tarry impurities floated on the top. The hot solution 
was carefully decanted on to a filter and filtered. The resin was washed 
with a small quantity of hot water and the washings added to the original 
filtrate. On allowing the solution to cool overnight a large mass of golden 
yellow crystals was obtained. It was filtered and washed with a small 
quantity of water. A second crop was obtained by concentrating the mother 
liquor on a water-bath to 100c.c. and allowing it to stand for two days. 
After one recrystallisation from water this sample resembled the previous 
one closely. The two put together weighed 15g. It was, however, impure 
since the melting point was rather indefinite. After two crystallisations 
from aqueous pyridine it sintered and shrank at about 202°C. and melted 
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at 237-38°C. (yield 9g.). It was sparingly soluble in glacial acetic acid 
and could easily be crystallised from it when mixed with some water. But 
the best method of further purifving it was to boil it up with a small quantity 
of dilute acetic acid. This removed some brown impurities and the solid 
now melted at 250-52° C. (decomp.). One further recrystallisation from boil- 
ing dilute acetic acid gave yellow needles melting at 251—52°C. without any 
previous sintering. (Found in air dried specimen: C, 48-3; H, 4-8; C,)H90,,, 
2H,O required C, 48-8; H, 4-7%). The substance was a hydrate. We could 
not get any form melting at 203° C. and acetone did not produce any definite 
change in the pure specimen. We, however, noticed that when the above 
pure sample was crystallised again from pyridine, the product sintered 
strongly and showed marked shrinking at about 203°C., though it melted 
down only at 250°C. ‘The pure substance was sparingly soluble in alcohol, 
acetone, and glacial acetic acid but dissolved easily in hot dilute acetic acid 
and in pyridine. The colour reactions of our specimen agree entirely with 
the observations of Perkin. Aqueous lead acetate gives a deep red preci- 
pitate and ferric chloride gives an olive green colour. We find that alkali 
colour reactions are best observed by using buffer solutions of varying p, 
and the reactions of gossypitrin contrast clearly with those of gossypetin 
(Baker, Nodzu and Robinson, 1929) as shown below: 
Colour Reactions. 

Pu Gossypetin Gossypitrin 
6-8 Goes into solution very slowly Substance is unaffected. 
producing a greenish yellow 
colour. In about 2 hours a 
green amorphous solid sepa- 
rates out. After 24 hours a 
colourless liquid with a dirty 
green precipitate at the bottom. 
No further change. 


8-0  Dissolves rapidly to a yellow Yellow solution rapidly changes 










solution. In 3 minutes _be- 
comes pure green, then slowly 
opaque and dark and in about 
4 hour turns brown purple. In 
24 hours goes into a pale yellow- 
ish green liquid with a green 
precipitate at the bottom; 
After 48 hours colourless liquid 
with a green precipitate. 


(4 minute) to yellowish green 
and in another 4 minute be- 
comes bright emerald green 
which slowly fades. After 24 
hours it is brown red and after 
48 hours very faint brown. 
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Du Gossypetin Gossypitrin 

8-6 Yellow solution rapidly goes Yellow solution immediately go- 
green which is fairly stable and ing into green and then to 
slowly turns blue. After 14 emerald green which fades 
hours signs of purple appear rapidly. In 10 minutes all 
and the solution is rather green was lost, it was then 
opaque. After 24 hours pale brownish yellow fading slowly. 
yellowish green liquid with After 24 hours pale brown red 
green precipitate; after 48 and no change thereafter. 


hours colourless liquid and a 
green precipitate. 
9-8 Yellow solution. In a few Yellow solution going immediate- 


seconds deep green, further 2 ly to green and emerald green 
minutes pure blue which was and rapidly fading. In 10 min- 
stable for about 14 hours. utes loses all green and becomes 
After 24 hours very faint blue brownish yellow rapidly fading. 
and 48 hours colourless with After 24 hours pale brown red 
a small precipitate. and no further change. 

11-0 Yellow-green-blue-deep blue very Yellow, immediately goes into 
rapidly fading to pale blue. In vellowish green, after 2 minutes 
34 hour pale greenish blue, fad- goes yellowish brown and fades 
ing. After 24 hours very pale rapidly. In 5 minutes pale 
yellow brown and after 48 hours brownish yellow. In 24 hours 
colourless with no precipitate. faint brown red and no further 

change. 


Gossypitrin is affected only at a higher p, than the aglucone ; its most 
brilliant colour is emerald green and it does not show any blue or purple 
whereas the brilliant effect of gossypetin is blue. The glucoside undergoes 
the changes and loses colour more rapidly than gossypetin. Further the 
green precipitate that is formed as an end product in the case of gossypetin 
is not formed with the glucoside. 


Our sample of gossypitrin gives with p-benzoquinone, a maroon coloured 
gossypitrone which exhibits the same behaviour as described by Perkin. 
The acetyl derivative of the glucoside was obtained by boiling with acetic 
anhydride with or without sodium acetate and the product was purified by 
crystallisation from acetic anhydride and alcohol mixture. It was obtained 
as colourless needles, m.p. 240-44°C. (cf. Perkin 226-28°C.). 


Hydrolysis to Gossypetin.—The glucoside was hydrolysed by boiling with 
7% sulphuric acid for 2 hours and a good yield of the crystalline aglucone 
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was obtained. It was easily recrystallised from rectified spirit and it came 
out as yellow flat needles which grow dark and decompose at about 310°C. 
(Found in air dried specimen: C, 48-5; H, 4-6; C,;H,,O,, 3H,O required, 
C, 48-4; H, 4-3%). The hexa acetate crystallised from alcohol as colourless 
rhombohedral plates melting at 228-30°C. agreeing with the melting point 
recorded by Perkin for the natural specimen and by Baker, Nodzu and 
Robinson (loc. cit.) for the synthetic one. As the other product of hydrolysis 
of the glycoside, glucose was isolated as the osazone. Our sample of gossy- 
petin gave colour reactions with sulphuric acid, lead acetate, ferric chloride 
and benzoquinone identical with those recorded by previous workers. 


Isolation of a new glycoside.—The alcoholic mother liquor left after the 
removal of gossypitrin was again distilled on a water-bath in order to remove 
as much alcohol as possible and then treated with a large volume of water. 
The whole mixture was poured on to an evaporating basin and most of the 
remaining alcohol removed by heating on a water-bath. A brown red solu- 
tion was produced along with a lot of tarry matter. By careful filtration 
of the hot solution most of the resin was removed and on allowing the filtrate 
to stand for two days a good amount of a yellow crystalline solid mixed 
with some resin separated out. It was filtered and twice recrystallised from 
hot water when it appeared as a greenish yellow solid. After three crystalli- 

_sations from dilute pyridine, it was quite pure and appeared as yellow needles, 

m.p. 247-49° C. (yield 3g.). It was found to be a new glycoside different 
from gossypitrin and quercimeritrin. A detailed report on this substance 
will be published later. 


The mother liquors obtained in the course of the purification of the 
new glycoside were concentrated on a water-bath and extracted with ether 
repeatedly. The extraction was rather slow and the ether layer continued 
to become yellow even after 5 extractions. On evaporating the ether 
extract a yellow crystalline solid was obtained which crystallised out of 
rectified spirits as yellow needles, m.p. 310—-12°C. and gave an acetyl derivative 
melting at 195°C. It was identified as quercetin (0-2 g.). From the aqueous 
solution left after ether extraction no definite substance could be obtained 
by concentration. It was therefore boiled with 7% sulphuric acid for 2 
hours. The solution was filtered hot in order to separate resin and when 
it was cooled a yellow crystalline precipitate was formed mixed with some 
resin. It was, therefore, repeatedly extracted with ether and the ether 
solution evaporated. A yellow solid was obtained which easily crystallised 
out of alcohol as needles, m.p. 250-70°C. (yield 0-5g.). It was obviously 
a mixture of aglucones. It was therefore acetylated and the product 
crystallised from alcohol. Of the two fractions which were isolated, the 
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more soluble fraction consisted of quercetin pentacetate which was rendered 
quite pure by one further recrystallisation ; the less soluble fraction con- 
sisted of gossypetin hexa-acetate which was also obtained quite pure by 
one further crystallisation. Glucose was detected in the solution after 
removing the aglucones. Whether quercetin obtained here was originally 
present free or in the form of an easily soluble glucoside is a question which 
cannot be answered definitely. Since quercetin could be obtained from the 
solution even before hydrolysis and the quantity of quercetin obtained after 
hydrolysis in the form of the acetyl derivative was very small (about 0-1 g.), 
it could be surmised that no appreciable amount of quercetin glucoside 
could have been present. 

Neutral lead acetate fraction: Isolation of Quercetin.—The original 
aqueous mother liquor left after the separation of the new glycoside was now 
treated with excess of neutral lead acetate with vigorous shaking. After 
allowing to stand for a day the orange red precipitate was filtered, washed 
with water and the pigment liberated by passing hydrogen sulphide into 
an aqueous suspension of the lead salt. Lead sulphide was filtered off, the 
precipitate again extracted with hot water and the collected water extracts 
concentrated on a water-bath. Crystals were collected in four fractions and 
each fraction separately examined. Each fraction was found to be mixed 
up with a good amount of resin. Repeated crystallisation from aqueous 
pyridine produced yellow crystalline substances. The first and second 
fractions were found to yield the same product—yellow needles, m.p. 310- 
12°C. which yielded an acetyl derivative, m.p. 197-98°C. Its identity with 
quercetin was established by the determination of the mixed melting points 
with quercetin and penta acetyl quercetin obtained from G. herbaceum and 
by a comparison of colour reactions. Yield of quercetin was 10g. The 
mother liquor from the crystallisation of these fractions was extracted 
repeatedly with ether. The ether extract gave a crystalline yellow solid 
which no crystallisation from alcohol melted indefinitely between 240-70° C. 
It was obviously an impure aglucone. So it was acetylated and the acetyl 
derivative crystallised from rectified spirits. Acetyl gossypetin m.p. 228- 
30° C. (mixed m.p. the same) could be obtained pure (0-2g.). After ether 
extraction the aqueous layer was boiled with 7% sulphuric acid for 2 hours 
and from the highly brown semi-solid that was produced some more gossypetin 
acetate (0-3 g.) was isolated by acetylation and repeated recrystallisation 
from alcohol. No other compounds could be separated. 

The third and fourth fractions consisting of about 10% of the whole 
of the neutral lead acetate precipitate were found after two recrystallisations 
from water and subsequently from dilute pyridine to melt above 290°C. 
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(yellow needles) but did not give a sharp melting point. They were therefore 
acetylated, when they yielded readily pure acetyl gossypetin (0-5 g.). 


Basic lead acetate fraction.—The filtrate left after isolating the neutral 
lead acetate precipitate was then treated with a large excess of basic lead 
acetate. Comparatively small quantity of a lemon yellow precipitate was 
obtained. When this was decomposed with hydrogen sulphide about 1 g. 
of a crude pigment was produced. This was identified as quercetin after 
repeated recrystallisation and comparison with an authentic specimen. 


Summary. 

The flower petals of the Uppam cotton plant (G. herbaceum) contain 
as their main components gossypitrin and quercetin. An appreciable 
quantity of a new glycosidic pigment and a small quantity of gossypetin 
were also isolated. Uppam petals, therefore, differ in their composition 
from those of G. herbaceum examined by Perkin who probably obtained 
his supply of the petals from the North Indian variety. His results indi- 
cated that gossypitrin was the main component and that isoquercitrin was 
present in small quantities. 
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1. Introduction. 


An important new field of research was opened up by Langevin when he 
applied the piezo-electric property of quartz and electrical oscillating circuits 
to the production of high-frequency sound-waves. Of the methods based 
on the use of the piezo-electric oscillator for the measurement of ultrasonic 
velocity in liquids we may mention three: (1) the acoustic interferometer 
invented by Pierce! and used amongst others by Freyer, Hubbard and 
Andrews? ; (2) the method of the diffraction of light by sound waves originated 
by Debye and Sears® in America and by Lucas and Biquard‘ in France ; and 
(3) the ‘“‘Schlieren method” developed by Hiedemann, Bachem and Asbach 
in a series of papers. 

Amongst these the method of Debye-Sears and of Lucas-Biquard is 
very simple, precise and rapid. In the present investigation it has been 
applied to the accurate determination of supersonic velocity in a large 
number of organic liquids. 


2. Experimental Set-up. 


As the temperature coefficient of sound velocity in liquids is rather high, 
it is essential that the experiments should be made at a fairly constant 
temperature. All the experiments described in the present paper were con- 
ducted in an underground room, in which the temperature remained very 
steady, there being no fluctuation of temperature greater than 1°C. from 
day-to-day, and more than about half-a-degree in the course of a day. 





G. W. Pierce, Proc. Ann. Acad. of Arts and Sci., 1923, 59 and 1925, 60, 271. 

Freyer, Hubbard and Andrews, J.A.C.S., 1929, 51, 759. 

Debye and Sears, Proc. Nat. Acad. of Sci-, 1932, 18, 409. 

Lucas and Biquard, C.R., 194, 2132; 1932, 195, 121; and Jour. de Phys. et la Rad., 
1932, 3, 464. 


5 Hiedemann, Asbach and Bachem, Zeit. f. Physik, 87, 442, 734; and subsequent 
volumes of Zeit. f. Physik. 
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The oscillator set-up is almost the same as the one used by Lucas and 
Biquard in their investigations. Two power valves of high wattage, each of 
60, are connected push-pull to give greater input at a steady rate. The 
diagram of connections given below is the well-known Hartley circuit, slightly 
modified to suit the conditions of experiment. 





















































V, V, are the power valves, with their grids and anodes connected each 
to each by two coils. The oscillatory circuit consists of the anode coil, 
connected to a variable condenser, a piezo-quartz and a thermo-galvano- 
meter in series. H.T. are the high-tension leads, the positive of which is con- 
nected to the middle of the anode coil. All other connections are the familiar 
ones used in wireless work. 


The quartz piece is an X-cut crystal of 2 mm. thickness and of an area 
20 by 20 mms. From Hund’s expression, the fundamental comes out as 1 -435 
megacycles, as against 1-43 determined experimentally by taking the reso- 
nance curve for the quartz. In the experiments, a frequency very near the 
fifth harmonic of the crystal was used. 


The optical arrangement followed was similar to one usually used in 
getting grating spectra. A monochromatic source of light was focussed on 
the slit of a collimator and the parallel beam of light, passing through a cell 
with plane-parallel windows, is focussed by an objective on a photographic 
plate. Asa source, a mercury arc with filters was used. 4358 A and 5461 & 
of the mercury arc were used to check up each other. 


Since the thickness of the camera lens was considerable, the distance 
lens-to-plate was measured from the centre of the lens to the photographic 
plate. 





* 
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Size of the vessel—In all experiments on the measurement of sound 
velocity by the Kundt’s tube method, waves considerably larger than what 
have been used here, are excited and corrections become necessary due to 
the bore of the tube. But in experiments with very small wave-lengths, 
of the order of tenths of a millimetre, small vessels could be used without 
applying any correction whatever. A glass cell, holding about 50 c.c., was 
used throughout. The diameter of the cell being 3} cm. while the wave- 
length of sound in the majority of liquids was roughly 0-02 cm., the ratio 
of the diameter of the liquid-chamber to wave-length is of such order that 
no tube corrections were found necessary. 

However, an experiment using a bigger vessel was carried out and the 
results are given below. 

TABLE I. 


In CCl, 





Frequency | Wave-length | Velocity of 
Container vessel in of sound in sound in Temp. 
megacycles mms. meters/second 





Small ; capacity about 
50 c.c.; depth 1 inch 


Big trough ; capacity 
about 250 c.c.; depth 
24 inches. 7-15 0 -1298 929 -0 23° 























Determination of frequency.—The experimental arrangement, once 
set up, was not disturbed till all the liquids were employed, by simply remov- 
ing the cell and changing liquids. The constants of the apparatus therefore 
remained the same. 

A precision wave-meter of the General Radio Company, kindly lent 
to us by Mr. K. Srinivasan, Assistant Professor in the Electrical Technology 
Department of this Institute, was used to determine the frequency of oscilla- 
tion. It was found to give very consistent readings at different times and 
on different days. All the experiments were conducted with 7-32 x10¢ 
cycles per second. 

In order that the effect of damping of the oscillations by the super- 
incumbent liquid might be negligible, the quartz crystal was suspended 
within less than half a centimetre below the surface of the liquid. 

It was thought necessary to check up the wave-meter itself for accuracy. 
The circuit which included the quartz and a variable condenser could give 
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frequencies of oscillation ranging from 7-40 to 6-84 megacycles, and for 
different frequencies between these limits, we should get wave-lengths of 
sound inversely proportional to the former. 
Incidentally this decided a point as to whether, when working near 
a resonance oscillation of a crystal, the oscillator controls the crystal. It is 
evident from the table given below that the crystal is maintained at the 
impressed frequency. 
TABLE II. 


In CCl, at 23°C. 





Frequency in | Wave-length of | Velocity of sound 
megacycles sound in mms. | in meters/second 





-40 0 -1257 929 -8 
0 -1267 928 -5 
0 -1288 930 -1 
0 -1310 930 -3 
0 -1329 929 -0 
0 -1344 930 -1 


0 -1357 928 -5 





mean value ., 929 -5 








Any variation in the input voltage and current is likely to alter the 
frequency even by ever so little, and it was made a point to see that both of 
them were adjusted to the same readings throughout the course of the work. 
However, fluctuations in the voltage were not much and even these small 
ones were quickly adjusted. 

3. Results. 

With the arrangements mentioned above and with due precautions, 
determinations were made of the ultrasonic velocity in 53 different liquids. 

In the present investigation, the liquids were all distilled, some of them 
like methylene iodide under reduced pressure. Only the purest variety of 
chemicals from Kahlbaum, Merck or E. de Haen were employed, while in 
some cases Dr. Schukardt’s preparations were used. 

The temperature at which the velocity was determined has been noted 
against each liquid in the table. 





Determination of Ultrasonic Velocity in 52 Organic Liquids 501 


Densities of all the liquids were also determined separately, using a 
specific gravity bottle, at the same temperature and are in good agreement 
with the standard values. 


The velocities were calculated from the simple formula 


: A 
Sl @ = Eeoke 
” Px 


where @is the angle of diffraction, measured as the ratio of the distance 
between two diffraction fringes, to the distance between the 
centre of camera lens and the plate, 


A is the wave-length of light used, 


A is the wave-length of sound to be determined, 
and # is the number of orders. 


In all cases, the distance between a number of fringes, usually 6 or 8, 
was measured and then that between two calculated. 
Both the 4358 A and 5461 4 of the mercury lines were used as incident 
beams to check up against each other and the results obtained agree very 
well with each other. 


The velocities measured are given in the table following for the frequency 


7-32 x 10° cycles which was employed throughout. 


TABLE ITI. 


Ultrasonic Velocity at 7 -32 x 108 cycles per second. 





Liquids 


Formula 


Temp. 
in 
<. 





Density 


| Wave- 

| length of 

| sound in 
mms. 


Velocity 
of sound 
in meters/ 

second 





Hexane (2) 


Heptane (7) 


Methyl alcohol 
Ethyl alcohol 
Propyl alcohol (#2) 
Isopropyl alcohol 
Butyl alcohol 
Isobutyl alcohol 
Amyl alcohol () 


Methyl acetate 





CeHis 
C; Hig 


.| CH3-OH 
.| C;H, 0H 


C3;H;-OH 
CH3*CH-OH-CHz3 
CH3+(CH2)3-OH 
(CH3)2*CH-CH,0H 
CH3*(CHz2)4°OH 


CH3-COOCH 3 





23°-0 
23°+0 


23°+8 
23°-5 
24°-0 
23°-0 
930. 


0 
23°°+5 
0 





0-1521 
0-1592 


0-1544 
0-1649 
0-1686 
0-1682 
0-1797 
0-1736 
0-1840 


0+1654 








1113 
1165 


1130 
1207 
1234 
1231 
1315 
1271 
1347 


1211 





A6 


F 
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TABLE IlI—(Conid.) 





Liquids 


Methy! propionate 
Ethyl formate 
Ethyl acetate 
Ethyl propionate 
Ethyl butyrate 


Butyl formate 


Acetone 


Diethyl ketone 


Methyl hexy! ketone. . 


Amylether (iso) 
Acetic anhydride 
Carbon disulphide 


Carbon tetrachloride 


Chloroform 


Bromoform 


Methylene chloride 


Methylene bromide .-. 


Methylene iodide 


Ethylene chloride 


Ethylene bromide 


Ethylene glycol 








Formula 


C2H;+COOCH; 
H-COOC.H; 
CH3-COOC2H, 
C.H;+COOC2H; 
C;H;-COOC2H; 
H-COOC,Hy 


CH;-CO-CHs; 
C2H;-CO-+CoH; 


CH; -CO-C.yHi3 


[(CHg)2*CH+CHa+CH»]20 


CH3 -CO 
CH,;-COo>? 
CS, 


CCl, 


CHCls 


CHBr3 


CH2Cle 
CH2Br2 


CHo2I, 


CH2—Cl 
CH,—-Cl 
CH2—Br 
me 
CH.—OH 


| 
CH,—OH 





Temp. 
in 
oC. 


22°°5 
24°-0 


24°-0 


23°-5 


24°-0 


24°-0 


23°-0 


24°-0 


24°-0 





Density 


0-9112 
0-9048 
0-8989 
0-8837 
0-8768 
0-9066 


0-7910 
0+8132 


0-8170 


0-7720 


1-487 
2-889 


3+323 


2°178 


1-103 





Wave- 
length of 
sound in 

mms. 


0-1660 
0°1725 
0-1623 
0-1619 
0-1600 
0-1638 


0-1643 


0-1795 


0-1809 


0-1613 


0-1891 


0-1570 


0-1269 


0-1367 
0-1271 


0-1453 


0-1326 


0-1336 


0-1693 


0-1385 


0-2351 





Velocity 
of sound 
in meters/ 
second 





1215 
1263 
1187 
1185 
1171 
1199 


1203 


1314 


1324 


1180 


1384 


1149 


928-5 


1001 
929+8 


1064 


971-2 


977°7 


1240 


1014 


1721 
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TABLE III—(Contd.) 














Temp: | Wave- Velocity 
ae . . tegad r length of | of sound 
Liquids Formula on | Density sound in | in meters/ 
' | mms. second 
c He —Br 
| 
Trimethylene bromide | CHe 23°-5 1-977 0-1563 1144 
| 
Cc He —Br 
CH2,—COOCH; 
B B dimethyl glutaric | «| /¢ ; 7 . 
acid dimethyl ester r (CHs)2 atl or ome 1371 
CH.—COOCHs 
Acetal CH3*CH(OC2Hs)s2 24°-0 08273 0-1550 1134 
CH2—CHe2 
* 24°-0 1-030 0-1883 1378 
Dioxan O 0 . 
; ff 
CH,—CH, 
Benzene Ce He 239-0 0-8725 0-1790 1310 
Toluene C; Hs, 23°-0 0-8631 0-1803 1320 
m=Xylene CyHio 23°-0 0-8612 0-1822 1334 
| 
Chlorobenzene C,gH;Cl 23°-0 1-101 0°1778 1302 
Nitrobenzene C.Hs+NOz 24°-0 | 1-199 0+2035 1490 
Asiline CH 5-NH2 240.9 | 1-018 | 0-2298 | 1682 
Anisol CyH;:O°CHs 24°-0 0-9865 0-2035 1489 
Ethyl phthalate C,Hs4(COOC2Hs)2 23°-0 1-121 0+2009 1471 
Acetophenone C,H;-CO*CHgs 24°-0 1-024 0-2102 1538 
Pyridine CsH;N 24°-0 0-9752 0-1978 1448 
a-Picoline C,H4N°CHs 24°-0 0-9508 0-1358 994-5 
Cyclohexane CsHi2 23°-0 0-7721 0-1718 1257 
Cyclohexanone C5Hi9*CO 23°-5 0-9491 0-1968 1441 
Cyclohexanol C;Hi9*CH(OH) 23°°5 0-9461 0-2216 1622 
Cyclopentanone C4Hg*CO 24°-0 0-9481 0-2014 1474 
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TABLE III—(Contd.) 





Wave- Jelocity 

Temp. of _ ; —— 
Liquids Formula in Density ‘ S| oe 
oc. sound in | in meters/ 

mms. second 





Dipentene es 23°°8 0-1815 1328 
Tetralin a 24°-0 0+ 2002 1465 





Water +. 2 24°-0 0-2041 1494 
(Double distilled ) 

















Of the liquids studied, data for velocity of sound are available for only 
16 of them at different frequencies. ; 

Investigations in the audio range have been carried out by Doérsing,s 
Busse’ and others, using the well-known Kundt’s tube method. ‘Their values 
are taken from the International Critical Tables. 


Freyer, Hubbard and Andrews® worked with the sonic interferometer, 
using a piezo-quartz with a fundamental at 414 kc. There are two points 
which require elucidation in their paper: (1) they employed a range of 0° C. 
to 50° C. and still used 414 kc. throughout this range, though the temperature 
correction is considerable when the crystal is vibrating along the electric axis, 
as pointed out by Dye, Lack and others ; and (2) recently E. Grossmann! 
has pointed out that the half-wave-lengths which are measured by the inter- 
ferometer no longer remain constant throughout from the quartz to the 
reflector, but depend on the distance mainly from the quartz. However, 
their results are given for comparison, corrected to 23° C. 

Still more recently J. C. Swanson! working on pressure coefficients of 
sound velocity in liquids, has given the velocity at about 200 ke. and 20° C. for 
some organic liquids. His values are included in the table for comparison. 

For water, the velocity was taken from a paper by Hubbard and Loomis" 
appearing in the Philosophical Magazine for 1928. 

Bachem and Hiedemann™ and Wyss! have also determined sound velo- 
cities for a few organic liquids. 





6 Dorsing, Ann. der Phys., 1908, 25, 227. 

7 W. Busse, Ann. der Phys., 1924, 75, 657. 

8 Freyer, Hubbard and Andrews, J.A.C.S., 1929, 51, 759. 
® E. Grossmann, Phys. Zeit., 1934, 35, 83. 

10 J. C. Swanson, J. Chem. Phys., 1934, 2, 689. 

11 Hubbard and Loomis, Phil. Mag., 1928, 5, 1177. 

12 Bachem and Hiedemann, Zeit. fiir Physik., 1935, 94, 68. 
13 R. Wyss, Helv. Phys. Acta., 1934, 7, 406. 
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TABLE IV. 
Comparison of Velocities with those obtained by others 
(meters/second). 
E 89 Audio Range, by j.c Bachem 
=. Author | Kundt’s tube method | ou oon and 
2.2%) | Freq. 7+32| From the Jnternaticnal a oe Hiedemann 
Liquids ee x 10" Critical Tables 200 - Freq. 5-20 
SO ge | Temp. Tan - x 10° 
Tyee | 28°C. - 20°C. Temp. 
— Velocity |, °™P 25°C, 
ia °C, 
1 | Benzene 1307 1310 1166 17° 1290 1299-6 
2 | Toluene 1314 1320 1327 20°-5 | 1313 1303-4 
3 | m-Xylene 1334 1322-0 
4 | CCl 925 928-5 912 921-2 
5 | CS. 1147 1149 1161 15° 1136 
6 | Chloroform 991 1001 983 15° 986 
7 | Hexane 1113 1112 21° 
8 | Heptane 1141 1165 
9 | Chlorobenzene 1272 1302 1315 17° 
10 | Ethyl alcohol 1155 1207 1275 15° 
11 | Methyl alcohol 1111 1130 1143 19° 
12 | Acetone 1175 1203 1189 20° -5 
13 | Aniline 1646 1682 1676 | 21° 1640 
14 | Bromoform 922 929-8 | 
15 | Amyl alcohol 1347 1270 | 20° 
16 | Nitrobenzene 1490 1506 | 18° 
17 | Water 1495 1494 1433 | 15° 
at 24°C, | at 24°C. 
| 
4. Discussion. 
4A. Dependence of sound velocity on chemical constitution. 


(i) A survey of the sound velocity measurements given in the table 
makes it clear that the aromatic compounds in general have higher velocities 
than the corresponding aliphatics in spite of the fact that their densities are 
higher. Cyclohexane and its derivatives come midway between the two classes. 


(ii) The sound velocity in liquids of high density, e.g., the halogen- 


substituted derivatives is low, but not as low as the increased density would 
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suggest. The effect of increased density is actually set off to a considerable 
extent by a diminution in the compressibilities. ( 

(iii) Liquids with molecules having electric moment tend to exhibit ‘ 
higher sound velocities. This is exemplified by the alcohol series, the ketone 
series, acetic anhydride, nitrobenzene, aniline, acetophenone, cyclohexanol 
and water. ‘Tetralin possesses a small electric moment and the sound velocity 
in it is higher than in either benzene or cyclohexane. 


(iv) Lengthening of the molecule gives enhanced velocity. Heptane (n) 
though possessing higher density, shows definitely greater velocity than | 
that of (m)-hexane. The normal. alcohols form another series which show 
the dependence of velocity on the length of the hydrocarbon chain. It 
is, however, interesting to note that the iso-alcohol shows a lower sound velo- 
city than that in the normal one, e.g., isopropyl and isobutyl alcohols. 


B. Dependence of sound velocity on frequency. 


Freyer, Hubbard and Andrews were the earliest to use as high a frequency 
as 414 kc. to measure accurately sound velocities in liquids. No dispersion 
was noticed upto this range. 





When the possibility of using still higher frequencies, with their optical 
examination, was opened up by Debye and Sears, and Lucas and Biquard, 
attention was confined mainly to three or four liquids to see whether there 
was any dispersion. They used frequencies upto 107 cycles per second and 
found no dispersion in CCl, toluene, benzene and water. 

In the present investigation a large number of liquids have been included 
for which acoustic velocity data are available for the audio range. The 
frequencies used in some cases range from the audio to 200 ke., 414 ke. and 
7-32 x10® cycles per second. An examination of the available data clearly 
points out to the fact, that allowing for temperature correction, there is no 
dispersion of sound velocity in the ranges investigated, excepting benzene, 
for which the discrepancy between the audio and the ultrasonic range seems 
to be too great to be real. 


5. Adiabatic Compressibilities. 


It is well known that V, the velocity of sound, p the density and B¢ the 
adiabatic compressibility are connected together by the relation 


+ sale 
Val age = Ne 
Bop Brp 

where 8; is the isothermal compressibility and y the ratio of specific heats. 


Hence the latter quantity also can be determined if the two compressibilities 
are known. 
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Bq and y, wherever the isothermal compressibilities are known, have been 
calculated for all the liquids, using the experimentally determined values 
of the densities. 

Careful determinations of Bg by the piezometer method were made by 
Tyrer! in 1913 and 1914, and laterly Shiba’ using one piezometer to determine 
both B¢ and Br has made investigations on 29 organic liquids. Shiba him- 
self admits in his paper that his results give higher values than those given 
by Tyrer. Furthermore, he was concerned more with ratios and differences 
of the two compressibilities, and therefore his values are not given here for 
comparison. Tyrer’s values, ascomputed for the particular temperature, are 
given. 

Values of Br have been determined experimentally by Pagliani and 
Palazzo (P and P), Rontgen (ROnt), de Heen (de H), Bartoli (Bart), Drecker 
(Dr), Smith (Sm), Parsons and Cook (P and C), J. Hebeisen (Heb) and K. 
Schmidt (Sch). Their values are taken from the International Critical Tables 
and Cohen and Schut’s ‘‘Piezochemie’’, and corrected to the temperature 
at which the sound velocity for the liquid was determined. ‘They are mostly 
for 1 to 2 atmospheres, while in some it is upto 5-7 atmospheres. 

In the table the initials denote the author from whom the values were 
taken, as indicated above in brackets. 

The agreement in B¢ between Tyrer’s and the author’s is good in all 
cases except for ethylene chloride, where the discrepancy is marked. 


TABLE V. 
Adiabatic Compressibilities for Liqutds 
(at Temperatures given in Table III). 











Adiabatic compressibility | lsothermal Ratio of 
Bg x 108 | Compressibility Specific 
Liquid heats 
alin Author’s Tyrer’s — ae a 
calculated | Pecteymined | Prxioe | Taken from Bg 7” Cy 
a | values 
| 
Hexane (n) ool Lame 152 -5 Sch. 1-214 
Heptane (n) .-| 108-1 134 Bart. 1-240 
Methy! alcohol re 98-9 116-1 P and C 1-174 




















14 Tyrer, J.C.S., 1914, 105, 2539. 
15 H. Shiba, Journal of the Inst. of Phys. and Chem, Research in Japan, 1931, 16, 205. 
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TABLE V—(Contd.) 


























Adiabatic compressibility Isothermal ever 
B $ x108 compressibility proton 
Liquids heats 
.iqu s 
Author's | Tyter's ex re 
—e yr pm | Bon 106 Taken from Bg Y C, 
ues 
: values 
106 | Sm. 
Ethyl alcohol at ~S | 1-214 
107 P and P 
Propyl alcohol (n) .. 81-9 95:2 | PandP 1-162 
Isopropyl alcohol .. 84-1 106-9 | Roént. 1-272 
Butyl! alcohol ia 71-5 93-4 | Roént. 1-160 
Isobutyl alcohol ..|. 77-4 98-1 | PandP | 1-268 
Amy] alcohol ae 67 -8 89-7 | Pand P 1-323 
Methyl acetate és 73-5 
Methyl! propionate .. 74°3 
Ethyl formate std 69 -3 
Ethyl acetate “a 79-0 
Ethyl propionate .. 80 -6 | 
| 
Ethyl butyrate oe 83 -2 103-8 | deH 1-247 
Butyl formate we 76-8 | 
| 
| 
Acetone, | 87-4 123-4 | Heb. 1-413 
Diethyl ketone | 
Methyl hexyl ketone 
Amyl ether (iso) 
Acetic anhydride 
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TABLE V—(Contd.) 
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Adiabatic compressibility 


Isothermal 








B $x108 compressibility pst 
B heats 
Liquids Pinta de> C 
A th ’ yrer's ex ae Sh 
colseiased pore snie Br x 10° Taken from py ” 
values 3 
values 
Carbon disulphide .. 60 +2 60-9 95 -0 Dr. 
93 -4 P and P 1-552 
Oarbon tetrachloride 72-6 73-7 
Chloroform 67 -1 68 -6 100-6 Sch. 1-499 
103 -2 
Bromoform 40-0 
Methylene chloride .. 66 -2 
Methylene bromide .. 43 +2 
Methylene iodide 31-5 
Ethylene chloride 51-8 56-1 
Ethylene bromide 44-7 60 -3 de H 1-349 
Ethylene glycol 30-7 
Trimethylene bromide} 38-6 
BB demethyl glutaric 
acid dimethyl] ester 51-3 
Acetal 94-0 
Dioxan 51-1 
Benzene 
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Adiabatic compressibility Isothermal | a 
Bd x 10° compressibility ae 
ere heats 
Liquids pranen Tyrer’s pom | 
calculated eit et B, 109 Taken from | i 
values valbes | 
Toluene 66 -5 68 -4 4 | Sch. 
‘1 |deH 1-345 
| 
‘+5 | Pand P 

m-Xylene .. 65 +3 66 +2 | 
Chlorobenzene 53 -6 56 -2 4 Sch. 
Nitrobenzene 37 -6 40-9 ‘1 | Seh. 1-279 
Aniline 34-7 36 +6 ‘2 | Heb. 1-302 
Anisol 45-7 5 Heb. 1-411 
Ethyl phthalate 41 -2 
Acetophenone 41 -3 
Pyridine 48 -9 
a-Picoline 106 -4 
Cyclohexane 81-9 82 
Cyclohexanone 50-8 
Cyclohexanol 40 -2 
Cyclopentanone 48-6 
Dipentene 65-5 
Tetralin 
Water (double 

distilled) 











ane hc 
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From the experimentally determined values of 8; and the author’s value 
for Bd, y the ratio of specific heat in liquids has been calculated. It is how- 
ever too premature to draw any conclusion therefrom, as the data are quite 


insufficient. 
6. Summary. 


The paper gives determinations of ultrasonic velocities at 7-32 x 108 
cycles for 52 organic liquids and water by the method of diffraction of light 
by ultrasonic waves. It is shown how the velocity depends on chemical 
constitution. 


Included in the paper are adiabatic compressibilities for all the liquids 
studied, calculated from the well-known formula. 


The author’s best thanks are due to Professor Sir C. V. Raman, Xkt., 
F.R.S., N.L., for his constant help and encouragement in the work. He thanks 
also Dr. P. C. Guha, Acting Professor of Organic Chemistry, for a loan of 
many of the organic liquids studied in this paper. 
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BECKERTS AND Oppo! showed that halogen-substituted propionic acids 
react with silver nitrate quantitatively in the manner indicated by the 
equation 

CH,.CH.X.COOH +-AgNO, +H,O =CH;.CH.(OH).COOH-+ AgX +HNO,. 


In the course of his investigations on the reactivity of halogens in substituted 
fatty acids, Senter? made a brief study of the reaction between a brompropio- 
nate and silver ions and obtained very interesting kinetic data. He found, 
in fairly dilute solutions, that the bimolecular velocity constants gradually 
increased as the reaction progressed and the initial velocity constant was 


found to be dependent upon the dilution of the solutions. Senter attributed 
the increase in velocity constant with the progress of the reaction to the 
catalytic effect of the silver halide formed during the course of the reaction 
and the greater initial velocity in the more dilute solutions to the greater 
electrolytic dissociation of the reacting salts. 


The reaction presents interesting features viewed from different stand- 
points. First, here we have a reaction which is essentially a hydrolytic 
one. Senter? has shown that sodium brompropionate does not very readily 
undergo the hydrolytic change in pure aqueous solutions even at fairly high 
temperatures. In mixtures of sodium brompropionate and silver nitrate, 
however, the reaction proceeds with great rapidity even at ordinary tempera- 
tures. The accelerating effect of silver nitrate in such halogen replacements 
appears to be quite well known‘ but its mechanism has not been elucidated. 
Secondly, if, as has been observed by Senter,? the silver bromide formed in 
the course of the reaction exerts a catalytic effect also, the rapid hydrolytic 
reaction is probably the result of a composite catalytic action—-homogeneous 
and heterogeneous. The present investigation was undertaken with a view 
to elucidate the probable mechanism of the reaction, by a detailed kinetic 


study. 
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Experimental. 


Senter pointed out that during the course of the reaction, the silver 
bromide formed, which remains in suspension for some time, coagulates after 
a while and settles down at the bottom or floats at the top of the solutions. 
The conditions of experiment will not, therefore, be uniform and this diffi- 
culty prevents a systematic treatment of the data. Preliminary experi- 
ments showed that in solutions much more dilute than the ones employed 
by Senter the silver bromide suspension could remain quite stable for some 
hours, without coagulation, if the silver bromide is formed in presence of 
excess of silver nitrate. Since in the present investigation, silver nitrate 
happens to be one of the reacting components and always remains in excess 
during the progress of the reaction, it is possible to test the catalytic effect 
of silver bromide under fairly reproducible conditions. 

Senter’s study was confined to two dilutions; the concentrations of 
silver nitrate and sodium brompropionate were N/30 each in one case and 
N/60 each in the other. He followed the reaction by titrating portions of 
the reaction mixture against N/50 ammonium thiocyanate solution, thus 
determining the amount of silver nitrate remaining in the mixture at any 
given time. In the present work this method has been adopted only in a 
few cases, where the concentration of silver nitrate in the reaction mixture 
was in the neighbourhood of N/50. In all other cases the reaction has been 
followed by estimating the amount of acid liberated in the reaction at different 
intervals in the following way. At intervals a definite quantity of the re- 
action mixture was pipetted out and excess of potassium iodide was added 
to it to arrest the reaction immediately ; potassium iodate was next added 
to the mixture. Potassium iodide and iodate together quantitatively react 
with the hydrogen ion formed in the reaction and liberate an equivalent 
amount of iodine. The iodine thus liberated was titrated against standard 
N/100 or N/200 thiosulphate solution. This procedure has the double 
advantage of enabling us to arrest the reaction at any desired moment and 
to study the reaction in very dilute solutions. 

The experiments were all carried out in bottles covered with black paint 
on the outside, to prevent the silver bromide from being acted upon, as far 
as possible, by the diffuse light of the laboratory. It may be mentioned, 
however, that a few experiments carried out in uncovered bottles gave the 
same results as in covered bottles. The bottles containing the reaction 
mixtures were kept in an electrically regulated thermostat. All the experi- 
ments described in this paper were carried out at 27°C. 

The salts used in this study were all purified by recrystallisation and all the 
solutions were prepared in conductivity water obtained from a Bartley’s still. 
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Tables I and II contain results obtained with the same concentrations 
of the reactants, 0-03 N sodium brompropionate and 0-02 N silver nitrate. 
In the first case (Table I) the reaction was followed by titrating 25 c.c. of 
the reaction mixture against N/50 potassium thiocyanate and in the second 
case (Table II) by treating the same volume of the reaction mixture with 
potassium iodide and iodate mixture and titrating the liberated iodine 
against N/50 sodium thiosulphate. In both these experiments the first 
titration was performed two minutes after the reactants were mixed together, 
The two experiments were carried out at different times to compare the 
results obtained by adopting the different methods of analysis. 


TABLE I. TABLE II. 





Time in C.C. Time in C.c. 
minutes | AgNO, minutes Hypo. 








23 -00 2-10 
19-80 -35 
16-40 55 
13 +2 2-05 
10°5 -70 
-25 
*35 


-45 

















It will be observed that the figures at different corresponding intervals in 
the two tables do not differ appreciably from one another. After about 
twenty minutes it was observed in both the experiments that coagulation 
of silver bromide commenced, a portion of it sinking to the bottom and a 
portion rising to the surface. This was accompanied, as will be seen from 
the tables, by a fall in the velocity of the reaction. 


The bimolecular velocity constants calculated from the data in Table I 
are shown in Table III. 
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TABLE III. 
Timein e c.c. brom- 
minutes | °° AgNO; propionate Ky 
0 23 -00 35 -50 
5 19 -80 32 -30 1-104 
10 16-40 28 -90 1-325 
15 13 -20 25-70 1-546 
20 10-50 22 -50 1-638 














It is clear from these results that the velocity of reaction increases as the 
reaction progresses, indicating the existence of an autocatalytic effect. This 
result is very similar to the one obtained by Senter.” 

Further experiments were carried out in more dilute solutions to find 
out the conditions under which the silver bromide formed in the reaction 
remains as a stable suspension almost upto the end of the reaction, in the 
reaction mixtures. The results are recorded in the tables below. Figures 
in column four of the tables are the bimolecular velocity constants calcu- 
lated from the data in the first three columns. 











TABLE IV. 
Concentration of sodium brompropionate 0-015 N=0d 
Concentration of silver nitrate 0-01 N=a 
25c.c. titrated each time against N/50 thiosulphate. 
mints | 2) | Oa | K, feet} x, 
0 11 -65 17 -90 0-85 
5 10-90 17-15 0 -8496 1-60 9-93 x 10? 
10 8-70 14-95 2-2402 | 3-80 |10-34,, ,, 
15 7-45 13-70 2 -3920 5-05 (11-15 ,, ,, 
20 | 6-20 12-45 2-6726 | 6-30 [10-54 ,, ,, 
*25 | 5-05 | 11-30 | 3-0038 | 7-45 |10-02,, ,, 
30 | 4-65 10-90 2 -7516 10-39 9» 9) mean value 
40 | 4-55 | 10-80 | 2-1758 

















* Coagulation became perceptible at this stage. 
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TABLE V. 


Concentration of sodium brompropionate 0-006 N =6 
Concentration of silver nitrate 0-004 N=a 
25 c.c. titrated each time against N/100 thiosulphate. 











a | (a—2) | (b—2) K, (c+a) K, 
0 9-30 14-30 0-70 
5 8-85 13 -85 1-7940 1-15 4-59 x 10° 
10 8-15 13 -15 2-4035 | 1-85 | 3-49,, ,, 
15 7-35 12-35 2-9510 | 2-65 | 4-84,, ,, 
20 6-60 11-60 3-3465 | 3-40 | 4-56,, ,, 
25 5-85 10 -85 3-7490 | 4-15 | 4-36,, ,, 
30 5-20 10 -20 4-0560 | 4-80 | 4-14,, ,, 
40 3°75 8-75 5-2095 | 6-25 | 4-10,, ,, 
50 2-75 7-75 6-0536 | 7-25 | 3-99,, ,, 
60 1-85 6-85 7 -3151 | 8-15 4-26 99 9) Mean value 

















At the dilutions in the last three cases (Tables V-—VII) the silver 
bromide formed during the course of the reaction remained as a fine sus- 
pension and no coagulation was observable during the time the experiments 
were in progress. 


Experiments carried out at greater dilutions showed that the initial 
formation of silver bromide was very slow and that during the first five or 
six hours even ten per cent. of the silver nitrate in the reaction mixture 
had not reacted with the brompropionate. 


The results in the above tables show that the initial velocity of the 
raction is much faster in solutions in which the reactants are present in 
greater concentrations. These results, therefore, do not support Senter’s 
inference*® (based on only two experiments) that the initial velocity is greater 
at greater dilutions in this reaction. 
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TABLE VI. 
Concentration of sodium brompropionate 0-003 N =} 
Concentration of silver nitrate 0-002 N=a 
25c.c. titrated each time against N/200 thiosulphate. 
tne | (a—a) | (b—z) | K, | (c+ 2) K, 
0 9-65 | 14-65 | | 0 +35 
10 9-25 | 14-25 | 0 +1900 | 0-75 |1-384 x 10* 
20 8-65 | 13-65 | 0-2415 | 1-35 |1-278,, ,, 
30 7-70 | 12-70 | 0-2789 | 2-30 |1-255,, ,, 
40 6-55 | 11-55 | 0-3772 | 3-45 [1-284 ,, ,, 
50 5-45 | 10-45 | 0 -4683 4-55 |1-196 ,, ,, 
60 4 +35 | 9-35 | 0-5784 | 5-65 |1-182,, ,, 
70 3-20 8-20 | 0-7461 | 6-80 |1-114,, ,, 
| | | 11-250 +> 9, Mean value 
| | 
TABLE VII. 
Concentration of sodium brompropionate 0 -0015 N =b 
Concentration of silver nitrate 0-0010 N=a 
50 c.c. titrated each time against N/200 thiosulphate. 
Seas | | 
ne | (a—2) | (b—a) K, | (+2) K, 
0 9-65 14-65 0 -35 
30 9-30 14-30 0 -1917 0-70 |1-675 x 10* 
60 9 -00 14-00 0 +2319 1-00 |1-30 ,, ,, 
120 7 +80 12-80 0-3191 | 2-20 |1-22 ,, ,, 
180 5-70 10-70 0-5865 | 4-30 |1-28 ,, ,, 
270 4-30 9-30 0-6610 | 5-70 |1-06 ,, ,, 
330 3-30 8-30 0-7658 | 6-70 |1-02 ,, ,, 
1-26 ,, ,, mean value 

































¥ 
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These results at the same time indicate, beyond doubt, that in solutions 
in which the silver bromide formed in the reaction does not coagulate and 
settle down, the velocity of reaction, as judged by the bimolecular velocity 
coefficient K,, uniformly increases with the progress of the reaction. It is 
quite obvious from this that the reaction product or products exert a cata- 
lvtic effect on the reaction. That the catalyst is the finely suspended silver 
bromide formed in the reaction is evidenced by the arrest of the reaction, 
observable from data in Tables I and II and IV when the silver bromide 
coagulates and settles down, the tremendous slowing down of the reaction 
rate being due to the large diminution in the surface area of the particles 
on coagulation. 

In very dilute solutions (below 0-001 N) the reaction does not start 
at all for quite a long time and until some silver bromide is formed the speed 
of the reaction is immeasurably small; which shows that the reaction in 
the homogeneous phase is of a negligible order of magnitude. In other 
words, the reaction appears to proceed almost entirely on the surface of 
the silver bromide particles. The bimolecular velocity coefficient K, in 
the above tables, therefore, apart from indicating the general dependency 
of the rate of reaction on the amount of silver bromide in suspension in the 
reaction mixture, has very little quantitative significance unless it is con- 
sidered in relation to the surface area of the seat of reaction. 

It has been pointed out above that the reaction does not start at all 
in extremely dilute solutions for quite a long time and that the presence 
of at least a trace of silver bromide appears to be essential to initiate the 
reaction. It is important to bear in mind that the hydrolytic process is one 
that can and does proceed in solutions containing only sodium brompropio- 
nate ; but the process is an extremely slow one and the greater the dilution 
of sodium brompropionate the slower the hydrolysis. In more concentrated 
solutions of this salt, the amount of hydrobromic acid formed in the first 
few seconds or even minutes is probably quite sufficient to produce enough 
of silver bromide in the heterogeneous phase (on the addition of silver nitrate), 
to start the rapid catalysed reaction; whereas in very dilute solutions it 
will take considerable time for enough bromide ion to form from honio- 
geneous hydrolysis before the solubility product of silver bromide is reached 
and a certain amount of the halide separates in the heterogeneous phase. 

A few experiments were carried out, both in moderately concentrated 
solutions and in dilute solutions, to see if silver bromide prepared as a col- 
loidal solution when added to a solution of sodium brompropionate (without 
the addition of any silver nitrate) would accelerate the hydrolytic process. 
It was found that the amount of hydrolysis brought about was not more 
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than 2-3 per cent. of the total concentration of the brompropionate in the 
course of about 24 hours. It was also observed that the suspensions were 
very unstable and coagulation set in in the first few hours after the mixtures 
were made. It would therefore appear’that silver ions absorbed on the 
surface of silver bromide particles are the effective agents in accelerating the 
reaction; the actual reaction probably takes place between brompropionate 
and silver ions both held adsorbed on the surface of the silver bromide 
particles (the water necessary for the reaction being available in abundance 
all round the particles). We thus arrive at a qualitative picture of the 
possible mechanism of the reaction. 

Since it is observed that in solutions in which silver bromide remains 
as a stable suspension, the bimolecular velocity constant increases steadily 
with the progress of the reaction, 7.e., with the progressive addition of silver 
bromide to the reaction system, if we make an assumption that the velocity of 
reaction is proportional to the amount of silver bromide present in suspension 
at any interval—which is tantamount to making an assumption, in. view of 
the mechanism of the reaction pictured in the previous paragraph, that the 
effective surface of silver bromide in suspension is proportional to its con- 
centration expressed in molecules per litre—the rate of reaction could be 
expressed by the equation 

dx/dt =Kg.(a —x).(b —x).(¢ +x) 
where (a—x) and (b—x) represent the concentrations of silver nitrate and 
sodium brompropionate respectively and (c +x) the amount of silver bromide 
in suspension, at any given instant, expressed in terms of molecules of the 
substance per litre. On integrating the above expression we get 


2-3((b — a) x log tt + (b + 0) log ax ~ (4 + ¢) log aa) 


t} (a+c) (b+ c) (b— a) 
The figures in column 6 of the Tables IV-VII are obtained by calculating 
the constants in accordance with the above equation. The constancy of 
K; in each of the tables provides ample proof of the general validity of the 
assumptions made above. 

It will be observed that K, in different tables has different values. In 
the more dilute solutions the value of K, is greater than in the comparatively 
more concentrated solutions. 


K, = 





Further experiments were carried out with the object of elucidating, how, 
at great dilutions, where the reaction proceeds rather slowly (e.g., Table VII), 
the initial formation of some silver bromide in suspension at the time of the 
addition of silver nitrate to the reaction mixture would affect the reaction 
rate. The procedure adopted in the following experiments was as follows:— 
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To the brompropionate solution contained in a measuring flask (in 
which the reaction mixture was prepared so as to adjust the concentrations 
at the desired value by starting with known amounts of more concentrated 
solutions and subsequent dilution) any desired amount of a standard solu- 
tion of potassium bromide solution was added and the mixture diluted 
leaving enough of room for the addition of silver nitrate. An amount of 
silver nitrate required for the reaction proper and for reacting with potassium 
bromide was next added, the mixture being kept continuously shaken during 
the course of the addition. The mixture was finally made upto the mark 
by the addition of water. The silver bromide was thus formed in the re- 
action mixture itself in the presence of excess of silver nitrate. ‘The results 
of these experiments are shown in Tables VIII to XI. ‘The initial concen- 
trations of the reactants in these experiments were 

Silver nitrate .. .. 0-001N 
Sodium brompropionate 0-0015N 


The initial amounts of silver bromide present in the different experiments 
are indicated in the tables. 50c.c. of the reaction mixture was titrated in 
each case against N/200 thiosulphate solution. 


The concentrations of the reactants in the four experiments were 
the same as in the experiment the results of which appear in Table VII. It 
TABLE VIII. 

Silver bromide initially present 0-00050 mols. per litre. 





Time in 


minutes (a—a) (b—2) (o+ 2) 





-80 13 -80 
-50 12 -50 
“15 11-15 
-90 -90 


“15 15 


10 10 
-40 -40 
-40 -40 


», Mean value 




















. 


Kinetics of the Reaction between a Brompropionate and Silver [ons 321 


TABLE IX. 
Silver bromide initially present 0-00075 mols, per litre. 





Time in 


minutes | (b—2) (c+ 2) Ks 





| 
| 
| , 14-00 8-50 


12-15 10 -35 
10 -60 11-90 
-55 12 -95 
-65 13 -85 
-00 14-50 
25 15 -25 
-50 16 -00 


», Mean value 




















TABLE X. 
Silver bromide initially present 0-0010 mols. per litre. 





Time in 


minutes (a—2) (b—a) (e+ 2) Ks 





-40 13 -40 11-60 
-60 11 -60 13 -40 
-10 10-10 14-90 
4-00 -00 16-00 
-30 -30 16-70 
55 -B5 17 -45 4-07 
-60 -60 18 -40 3-94 


4-40 », Mean value 














will be seen that while no silver bromide was initially added to the mixture, 
six to seven hours are required to enable two-thirds of the silver nitrate to 
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TABLE XI. 
Silver bromide initially present 0-0015 mols. per litre. 





Time in 
minutes 


(a—2) (b—xz) | (e+a) 





55 12 -55 17 -45 
‘70 10-70 -30 
15 9-15 20 -85 
-05 “05 95 

35 2 -65 

-90 
3-35 


mean value 

















react, the presence of 0-0005 mol. of silver bromide in the reaction mixture 
at the start of the reaction enables the reaction to go to completion in less 
than an hour. 


It is also noteworthy that in spite of the wide variation in the initial 
amounts of silver bromide in suspension in these different experiments the 
value of the velocity constant K, in all these cases is sensibly the same. 
These experiments were repeated very carefully and it was found that the 
results could be very easily reproduced correct to within 2-3 per cent. The 
term (c +- x) is introduced into the velocity expression on the assumption—a 
very arbitrary assumption at the outset—that the surface offered for reaction 
is proportional to the amount of silver bromide present in the suspension 
at any instant. It is remarkable that the constancy of K, in these different 
experiments should so amply justify this assumption. It appears quite 
justifiable to infer from these data that the silver bromide particles formed 
in these reaction mixtures are probably of such sizes and shapes that their 
surface areas are proportional to their masses. 


From the standpoint of the kinetics of heterogeneous reactions, since 
we find, in these dilute solutions, that the velocity of reaction is proportional 
to the concentration of each one of the reactants raised to the power of one, 
we infer that the reacting ions are both sparsely adsorbed on the surface 
of the catalyst. 
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Experiments were next carried out to see the influence of varying the 
concentrations of the reactants on the velocity coefficient, when in all the 
different cases the same amount of silver bromide is generated at the start 
of the reaction. The results of these experiments are summarised in Table 
XII. In each one of these experiments very steady constants were obtained 
almost upto the end of the reaction. 


TABLE XII. 
Silver bromide initially present in the reaction mixtures 0-0010 mols. per litre. 





Conc. of brom- Cone. of silver 
propionate nitrate 





0-0015 N -0005 N 
do. -0010 N 
do. -0020 N 
do. -0030 N 





do. -0040 N 
0 -00075 N do. 

do. 
0 -00015 N do. 
0 -0020 N do. 
0 -0030 N do. 
0 -0040 N do. 


0 -0060 N do. a. 











A survey of these data shows that when the concentration of one of the 
reactants is kept constant and that of the other increased Ky gradually 
diminishes in value. Since under all these circumstances, the reaction 
rate is always found to be proportional to the concentration of each one of 
the reactants raised to the first power, there can be no doubt that even when 
the concentrations are varied over the wide range indicated in Table XII, 
the surface of the catalyst must be only sparsely covered by the reactants 
in these different cases. The reaction takes place between the two kinds 
of ions in the adsorbed layer and it can take place only when the two 
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reacting ions happen to be situated in each other’s immediate neighbourhood 
Consequently, if the concentration of one of these ions happens to be constant 
in the adsorbed layer while that of the other is increased, the fraction of 
the total number of ions undergoing chemical change need not necessarily 
be the same unless the fraction of suitably oriented ions of the two kinds 
varies commensurately with the increase in the surface concentration of 
either of the ions. It appears from the data in Table XII that as the ratio 
between the concentrations of the two kinds of ions in the homogeneous 
phase (and consequently on the catalyst surface) becomes greater, the 
relative orientation of the two kinds of ions on the surface becomes less 
and less favourable for reaction. 


Summary and Conclusions. 


A detailed study of the kinetics of the reaction between a brompropionate 
and silver ions has been made in very dilute solutions at 27°C. 

The hydrolysis of the brompropionate ion in pure aqueous solutions 
is an extremely slow reaction. In very dilute solutions (below about 0-001 N) 
the reaction is an extremely slow one even when silver nitrate solution is 
added. ‘The velocity of reaction becomes rapid only when some silver bro- 
mide is formed in suspension and an analysis of the data obtained in the 
investigation proves beyond all doubt that the reaction is almost entirely 
heterogeneous, taking place on the surface of silver bromide particles. In 
dilute solutions in which silver bromide exists in fine and stable suspension, 
it has been found that the velocity of reaction is strictly proportional to the 
amount of silver bromide in suspension. 

It is inferred from the order of the reaction that both silver and brom- 
propionate ions are sparsely adsorbed on the surface of the silver bromide 
particles. 

In different experiments, when the initial concentration of one of the 
reactants is kept constant and that of the other increased, the amount of 
silver bromide in the different reaction mixtures at the beginning and end 
of the reaction being nearly the same, it has been found that the velocity 
constant gradually falls. This variation seems to indicate that as the ratio 
of the concentrations of the reactants increases under otherwise identical 
experimental conditions the relative orientation of the two kinds of ions 
in the adsorbed layer becomes less and less favourable for reaction. 
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7. Introduction. 


EXTENSIVE measurements have recently been made by Krishnan, 
Banerjee, Guha and others' on the principal magnetic susceptibilities of 
organic crystals. Their results, taken together with the structure and ori- 
entations of the molecules in the crystal lattice obtained from X-ray analysis 
by Robertson and others,” give us definite information regarding the principal 
susceptibilities of the individual molecules. Since the differences between 
these principal susceptibilities (7.e., the magnetic anisotropy of the mole- 
cules) play an important part in the double refraction produced by a magnetic 
field on these substances in the liquid state, or in a state of solution in suitable 
inactive solvents, a detailed study of the latter effect for these compounds 
would be of interest. As most of them have a high melting point, it was 
found more convenient to study them in solution rather than in the molten 
state. We propose in a series of papers, of which this is the first, to give 
an account of these studies, and to correlate the results with the known 
structure of the molecules and their magnetic and optical anisotropies. 
The present part deals with aromatic hydrocarbons containing two or more 
benzene rings. Similar studies have already been made for some organic 
substances by M. Ramanadham*® in this laboratory. 


2. Experimental Method. 


The experimental method adopted was the same as that employed by 
the author in his recent investigations on the magnetic birefringence of liquid 
mixtures. The birefringence induced in the solution by the magnetic 
field was measured with the help of a Rayleigh bent glass compensator, by 
finding the shift of the central dark band, and comparing it with the shift, 





1 Phil. Trans. Roy. Soc., A, 1933, 231, 235; 1935, 234, 265. 
2 Numerous papers in Proc. Roy. Soc., A, 1930-35. 

3 Ind. Jour. Phys., 1929, 4, 109. 

4 Ind. Jour. Phys., 1933, 7, 491. 
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under the same conditions, for a liquid of known birefringence. Carbon 


bisulphide was found to be a convenient standard for this purpose. 


Among the substances studied, anthracene, phenanthrene, fluorene and 
benzil were from Kahlbaum, pyrene and dibenzyl from Schuchardt, m-diphenyl 
benzene and s-triphenyl benzene from Kodak, and the rest from Merck. 

3. Results. 

The results are given in Table I. Carbon tetrachloride, which has no 
detectable double refraction, was generally used as the solvent. When 
the substance was only sparingly soluble in this liquid, other solvents had 
naturally to be used, and the observed birefringence had to be corrected for 
that of the solvent. The values given in the table are the corrected ones. 
They are all expressed in terms of the usual standard of birefringence, viz., 
that of nitrobenzene = 100. 

IFor convenience of comparison, the birefringence data for the various 
solutions have been reduced to a uniform standard concentration, namely, 
1 gram molecule of the substance per c.c. of the solution. 

TABLE I. 





Birefringence relative 
to that of nitrobenzene 
00 


Concentration 





Substance Solvent 


in gms. 
per c.c. 


x10? 


in gm. 
moles 


per c.c. 


x 104 


for the 
actual 
solution 
Cm 


per gm. 
mole 
per c.c. 
Cm X1072 





Diphenyl 


a 


Dibenzyl 
iu 


I 
OF 


tO 
ORO 


Benzil 


OO 








4-04 





2 -62 





2°3 





88 
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4. Discussion of Results. 


av (ps? + 2)? 


For a solution in an inactive solvent like CCl,, the magnetic birefringence 
is given by the expression 


Coe _ 


TaeET | (ts ~ 4a) (1 ba) + (ta) ba —Ba) + (45 ~ 03) (04) }, a 


where 4, d,, a, are the principal magnetic susceptibilities of the molecule, 
and },, b,, bs are its optical polarisabilities along the three magnetic axes, 
pis the refractive index of the solution, v is the number of molecules of 
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the solute per c.c. of the solution, A is the wave-length of the incident light, 
kis the Boltzmann constant, and T is the absolute temperature. 


The gram molecular birefringence, given in the last column of Table I, 
would correspond to the expression 


C,=C,, x N/», "7 - thi ma -. (2) 
where N is the Avogadro number. 


(a) Influence of concentration.—-For dilute solutions, the factor (u?-+2)?/u 
in (1) will vary only very slightly with concentration ; we should therefore 
expect the molecular birefringence C, to be practically independent of the 
concentration. : 


Since most of the substances are only sparingly soluble, and even with 
the saturation concentration the birefringence is small, it was not possible 
experimentally to investigate in general the influence of concentration. 
From the results obtained with the few substances like fluorene, phenanthrene 
and m-diphenyl benzene, which were studied at different concentrations, 
it appears that the molecular birefringence increases slightly with the con- 
centration, indeed more than can be attributed to the increase in the re- 
fractive index factor in (1). The reason for this increase is not clear. 


(6) Molecules containing two or more non-condensed benzene rings.—Let us 
first consider the simplest of these compounds, viz., diphenyl. Recent X-ray 
studies by Dhar® on the structure of this molecule in the crystal state show 
that the two benzene rings lie in the same plane, with their centres along 
the line joining the carbon atoms 1 and 1’, and the principal magnetic 
susceptibilities of the molecule will, therefore, be nearly double those for 
benzene, as also the optical polarisabilities. We should therefore expect 
the molecular birefringence of diphenyl to be nearly 4 times that of benzene. 
This is actually the case. 


In the same manner, for a molecule containing » uncondensed benzene 
tings, all lying in the same plane, or in parallel planes, we should expect the 
molecular birefringence to be nearly n? times that of benzene. If the 
benzene planes are inclined to one another, the birefringence would naturally 
be smaller. That for all the substances listed in the following table, except 
perhaps salol, the magnitude of the birefringence relative to benzene =1 
is nearly of the order of »*, suggests that in all these molecules the benzene 
rings, to a first approximation, are either coplanar or are parallel to one 
another. 





5 Ind. Jour. Phys., 1932, 7, 43. 
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TABLE II. 
| 
| dat ‘a | Sym- 
| Benzene Dipheny! | Dibenzy] spent Benzil Salol gn esg | —— 
,enzene 
C. ..| 20-7 | 88 76 93 78 «=| 71 176 | 297 
| 
| | 
C, relative to | | 
benzene; 1 4-2 3-7 4-5 3°8 | 3-4 8-5 14-3 
n? 1 4 4 4 4 | 4 9 16 
| 























(c) Fluorene.—Yor fluorene, however, the birefringence is considerably 
higher than that for the two-ringed compounds considered above, and this 
is to be attributed to the presence of the extra five-membered ring, and to 
the condensed nature of the rings, which, as we shall see, conduces to a large 
magnetic and optical anisotropy. 


(d) Molecules containing condensed benzene rings.—We have seen that 
as we go from benzene to diphenyl, the principal magnetic susceptibilities, 
both in the plane of the benzene rings, and along the normal to the plane, 
are nearly doubled. On the other hand, when the two rings are fused to- 
gether, as in naphthalene, though the susceptibility along the normal to the 
plane of the molecule is nearly twice that due to a single benzene ring, that 
in the plane of the naphthalene ring is not much higher than that of a single 
ring. Denoting the two principal susceptibilities of the molecule in the plane 
of the benzene rings by a, and a,, and that along the normal to the plane by 
a3, their values for some of the simple molecules, taken from Krishnan and 
Banerjee’s paper,® are given in the following table. 


While for molecules containing uncondensed benzene rings, e.g., diphenyl, 
diphenylbenzene and triphenylbenzene, the value of a,—a, is nearly n 
times that of the benzene molecule ; for naphthalene and anthracene, in which 
the benzene rings are condensed, the value of a@,—a, is much higher than for 
a molecule containing the same number of uncondensed rings. In phenan- 
threne and pyrene, however, the influence of the condensation on the magnetic 
anisotropy @,—4; is not so marked. 


We can now utilise the magnetic birefringence data to find also how 
the optical anisotropy of the molecule is affected by the condensation of the 





6 See ref. 1, 
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TABLE III. 
Principal magnetic susceptibilities of the molecules 
Molecule B 

— a,XNX10% | — a. XNX10% | — a3 XN X10° 
Benzene we i“ 37 37 91 1-0 
Diphenyl ba “a 67 67 175 2-1 
Naphthalene .. a 39 43 187 2-4 
Anthracene .. “ 46 53 273 4-3 
Phenanthrene wii 74 74 240 3-6 
Pyrene vis ry 81 | 81 303 4-5 














benzene rings. For the above molecules, since a,=a,, the anisotropies 
factor in expression (1) reduces to the simple form 

(a, —@3) (b, +b, —2bs). 
The values of (b,+b,—26;)=8, say, for the different molecules, in terms 
of the corresponding value for the benzene molecule as unity, are given in 
the last column of Table ITI. 

It will be seen that for the condensed molecules the values in the last 
column are higher than n, the number of benzene rings, showing that the 
condensation of the rings conduces to an increase in the optical anisotropy 
also, as we should expect. 

5. Summary. 

A number of aromatic hydrocarbons containing two or more benzene 
rings have been studied for their magnetic birefringence in solution in suitable 
solvents. For diphenyl and most of its simple derivatives the molecular 
magnetic birefringence is nearly 4 times, for m-diphenylbenzene containing 
3 benzene rings, it is 9 times, and for triphenyl benzene nearly 14 (~ 4?) 
times, that of benzene, suggesting that the benzene rings in these molecules 
are, to a first approximation, either coplaner or parallel to one another. 

When the benzene rings are ‘“‘condensed’’, the magnetic and optical 
anisotropies are found to be much higher than when they are separate. 

The author wishes to express his thanks to Prof. K. S. Krishnan for his 
keen interest in the work. 
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7. Introduction. 


MopDERN physics is dominated by two fundamental principles, Einstein’s theory 
of relativity and Planck’s quantum theory. Both theories are generalisations 
of the classical laws of mechanics and electrodynamics. Relativity deals with 
the influence of relative motions on the physical phenomena ; the classical 
laws refer to the limiting case of slow velocities, slow compared with the 
velocity of light, c == 3 x 10! cm./sec., and new effects, as for instance the 
variability of mass with velocity, are only measurable if the velocity of the 
particle observed approaches c. Quantum theory, on the other hand, has to 
do with the finest structure of light and of matter ; the classical laws are the 
limiting case for matter in bulk. There exists a certain number of the dimen- 


sion energy x time or “‘ action’, Planck’s constant h = 6-5 x 10-®? erg./sec. 
which is characteristic for quantum phenomena; these appear whenever 


” 


an “‘ action’’ is of the order of / or smaller. Both theories are developed 
toa high degree of perfection. But they are not melted into a unit. Quantum 
theory is a wonderful mathematical structure and predicts the natural pheno- 
mena with amazing success, as long as the velocities of the particles involved are 
small compared with the velocity of light, 7.e., as long as relativity effects can 
be neglected. Fortunately, this restriction is fulfilled in many problems which 
atomic physics has to deal with. The velocities of the electrons forming the 
outer parts of atoms are generally small compared with c. Even in nuclear 
physics the motion of protons and neutrons, due to their great mass (1840 times 
that of the electron), are slow enough to neglect relativity corrections. This 
fact is made use of in the newest attempts to devise theoretical pictures of 
nuclear structure with the help of quantum mechanics. But there are pheno- 
mena where fast particles are involved and the non-relativistic quantum 
theory breaks down. ‘The first effect of this kind was studied by Sommerfeld 
in 1916, the fine structure of the spectral lines of Hydrogen. He discovered 
that in the law of this splitting there appears a dimensionless combination 
of the fundamental physical constants, the velocity of light c, the quantum 
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constant /# and the electronic charge e. This fine structure constant is the 
mysterious number referred to in the title of this lecture. The importance 
of this number extends far beyond the special problem where it was dis- 
covered. The aim of this lecture is to show that all finer laws of atomic 
physics are governed by this number, and to explain some ideas about its 
deeper meaning. 
2. Bohr’s Orbits. 

As Sommerfeld’s work was based on the older quantum theory of Niels 

Bohr, we have to start with a short recapitulation of this theory. 


We consider a system consisting of a nucleus with the positive charge ¢Z, 
and an electron with the negative charge — ¢, where e is the elementary 
charge of electricity, e = 4-77 x 10-1! e.s.u. 


Since the force acting between these particles corresponding to Coulomb’s 


, eZ ; , ; ‘ , 
law is — —, where r is the distance, they move in Keplerian ellipses 
r 


around their centre of gravity. The energy of this motion does not depend 
on the eccentricity of the ellipse, but only on the major semi-axis a; if we 
take as zero-point of the energy EF the state where the electron is detached 
from the nucleus and at rest, F is negative and has the value 

Ze* 
Kepler’s third law connects a with the time T of revolution or its reciprocal, 


v= - the number of revolutions per unit time : 
as Ze" 
. = g32 — _—"_, 
ils 4n?m 


Here m can be taken as the mass of the electron since the heavy nucleus can 
be considered as practically at rest. (The influence of the nuclear motion, 
important for other phenomena, but small, will not be discussed here.) 
These classical laws of motion would permit the energy E adopting values 
over a continuous range. Bohr assumes that only a discrete set of values of E 
are really permissible, by applying Planck’s quantum theory to this system. 
The simplest way of doing this is by using the quantum principle that the 
angular momentum of a rotating system always has to be an integral multiple 


of ps = h; the latter symbol, introduced by Dirac, will be used here through- 


2 
out. For a circular orbit of radius a, circumference 2a, the velocity is 
Qra € 
a = 2nay, the momentum 2zavm, the angular momentum 27avm x a = 
2avma?. Hence the quantum condition is 


Zevon? =f, © ml, 2, 3) 2... cccccccccces 
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From the last three equations we get 
ee eee 
me Z’ : y) 
These expressions hold also for elliptic orbits with the major semi-axis a. 
We have developed these well-known formulz because the combina- 
tions of constants appearing here have a far-reaching importance. We shall 
denote them by 


h? 
a, = —,, = 0-532 x 10% cm., 
me 
ag a Pil 
BE, = oR 15 x 10“ erg. 


Then the stationary states of the H-atom and similar one-electron systems 
are given by 
2 7? 


n 
an =a, z’ E, = —-Ei nm > 


a, and E, are the radius and energy of the first orbit of the H-atom (Z = 1). 
E,, is called ‘‘ Balmer term ”’ ; for if we apply Bohr’s frequency condition 
for the light emitted or absorbed, 
hy =F — E’ 


to the case of one H-atom, we get 


hv =2 (5 ~ =) 


and this formula represents in fact for n’ = 2, nm = 3, 4, 5,.... the Balmer 
series of hydrogen. For other values of n’ we get all other known series of 
this atom, and for Z = 2, 3,.... the corresponding series of the one-electron 
ions Het, Litt,.... 

A closer examination of these lines has shown that they are not simple, 
but have a fine structure; the examination of this is the problem which 
Sommerfeld has attacked. But before we talk about this refinement, we 
have to consider the physical importance of the two constants a, and Ej, 
introduced by Bohr. 

3. Atomic Units. 


Bohr’s orbits, based on a combination of classical mechanics and quantum 
conditions, are logically unsatisfactory and have been replaced by more 
abstract theories, quantum mechanics in its different forms. But the funda- 
mental constants a, and E,, introduced by Bohr, have not been replaced, 
but are the natural units of length and energy for all atoms, as long as the 
velocities of the electrons are small compared with c. As Hartree has shown, 
the properties of all atoms expressed in these ‘‘ atomic units ’’ a,, E, are pure 
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mathematical numbers or functions. The Hamiltonian of an atom, 7.e., its 
>- 
energy as function of the momenta /,, pz, .... and coordinates %,, ,, 2, 


%a, Vo, 22, ---- Of the electrons, is 


e2 e 
H = m2 Be af + ie, 
; Yk kl Tal 
where 7, is the distance ve the Ath electron from the nucleus, 7,; the mutual 
distance of the Ath and the /th electron. The atom is described by Schréd- 


inger’s wave equation (H — E)’ = 0, where H is the differential operator 


—> 
constructed by replacing the components of p, by 


ho hd ho 
1 dxy 4 OMe 12 DZ, 


Now it is easily seen that by introducing a, and E, as units, the wave equation 
scale 
12(5 +54+35)- zt xt 3 Bhy =o 
. ox, T az, 1% rey = 2 ; 
It contains ae inti constants. re the tot of the electrons is 1 
we get the wave equation of the H-atom ; the energies of the stationary states 
turn out to be exactly given by the Balmer term, which in atomic units is 
2 
En oe ae 

But in the same way the geometric dimensions and energies of all the atoms 
are dimensionless mathematical numbers when expressed in atomic units. 

The same holds for molecules, if the motions of the nuclei are neglected. 
This is permitted, since the masses of the nuclei are very large compared with 
the mass of the electron. After having chosen an arbitrary position of the 
nuclei we can determine the electronic motion by a Schrédinger equation, 
which in atomic units contains no other constants (besides mathematical 
numbers) than the coordinates of the nuclei. The energy of the electrons 
is then a function of these nuclear coordinates, E(X,, Y,, Z;, Xe, Yo, Ze,...-) 
and its minima determine the possible configurations of the nuclei. If 
x. Ys, 2. Be are expressed in atomic units, it is evident that the 
relative positions of the nuclei in the molecule are given by purely mathe- 
matical numbers. That means that all molecules have dimensions of the 
order a, and energies of the order E,. Crystals are nothing but very big 
molecules. If the number of atoms is given, the dimensions and energies of 
a crystal formed by them at low temperatures are determined by the order 
of magnitude of a, and E,. 

There are many collision processes which belong to the same class of 
phenomena governed by 4,, F,, namely all those where the motion of the 





) 
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nuclei can be neglected and the velocity of the electrons is small compared 
with c, .e., excitation and ionisation of atoms or molecules by slow electrons. 
The effective cross-section and the angular distribution of these processes 
can be calculated from the same wave equations as the stationary states ; 
they are purely mathematical numbers, when the units a,, E, are chosen. 


We see that a great field of physics is governed by the atomic units 
a,,E,. But there are many cases where these do not suffice. 


The first rather trivial exception refers to the motion of the nuclei. 
Whenever these play a réle, in the heat motion of gases or solids, in optical 
effects, the nuclear masses are a determining factor. 


Empirically these masses are given by the “ atomic weights’. But 
we know from Aston’s experiments with the mass spectrograph, that the 
chemicaily measured atomic weights do not belong to pure substances 
but to mixtures of isotopes, 7.e., nuclei with the same charge Ze, but different 
masses. ‘The masses of pure isotopes are nearly exact multiples of the small- 
est M, that of the H-nucleus, or proton. The small deviations found from 
these integer values (in units M) are easily explained by the assumption 
that the higher nuclei are not simple additions of protons, but held together 
by some binding energies. As energy, corresponding to Einstein’s law, means 
mass, the energy liberated in combining protons to nuclei results in a dimi- 
nution of mass. Therefore the only new physical constant introduced by 
the consideration of the nuclei is the mass M of the proton which is about 
1840 times that of the electron. This number, the mass quotient 
= = 1840 is a second mysterious number of physics. It determines the 
order of magnitude of all nuclear motions, for instance velocities of gas 
molecules, rotations and vibrations of these, vibrations of crystal lattices 
and all properties of matter depending on these motions: specific heat, 
thermal conductivity, diffusion, infra-red absorption, Raman effect, chemical 
reaction velocities, etc. 

But I believe that the problem of the number 1840 is closely connected 
with that of the number 137 which is the proper subject of this lecture. We 
shall return to this point later. 


4. Sommerfeld’s Fine Structure Formula. 


We come now to the second limitation of the application of the atomic 
units a,, E,, namely, the assumption that the velocities of the electrons are 
small compared with c. Whenever this fails to be true, we have to take 
relativity into account. 
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This was first done by Sommerfeld for the explanation of the fine 
structure of the hydrogen lines. As mentioned, he developed his formula 
from the standpoint of Bohr’s orbit ; this method shows clearly the point 
where the relativity effect becomes important. Therefore we shall start 
with a short report on Sommerfeld’s considerations. We have mentioned 
that all elliptical orbits of the same major axis have the same energy irres- 
pective of their eccentricity. But for very eccentric orbits the perihelion 
gets very close to the nucleus and the velocity in its neighbourhood becomes 
very high. Then the classical laws of mechanics cease to be valid and have 
to be replaced by relativity mechanics. This means that the mass is no 
longer constant, but increases with the velocity. If this is taken into 
account the motion is no longer an ellipse with fixed axis but a rosette motion 
which can be described as the superposition of the classical elliptical motion 
and a precession of the perihelion. The period of this precession depends 
on the degree of eccentricity and has to be quantised with the help of a new 
quantum number k, which can assume all values 0), 1, 2, The 
energy becomes a function of & which in the first approximation is given by 


Be a RL “22 | 
R= - B51 + wc) 2 i al! 


This formula represents many more stationary states, as to each value n 
there belong several states with different k. Therefore each spectral line 
is split up into a set of lines. 


The experimental confirmation of the fine structure formula of 
Sommerfeld is considered as a brilliant proof, simultaneously of Einstein’s 
principle of relativity and Planck’s quantum theory. 


Here we have the first attempt to unite these two great ideas. As we 
have remarked they are characterised each by a universal constant, rela- 
tivity by c, quantum theory by #. It is natural that in Sommerfeld’s formula, 
the correction term depends on both these quantities, the coefficient being 
the square of the quantity 
e? 
hic 


which Sommerfeld has called fine structure constant. 


a> 


This constant is the reciprocal of the mystical number 137 which I have 
chosen as the title of this lecture. Why is there anything mystical about 
it ? and why is it worth while to speak about it ? 


The astonishing point is that this combination a of three universal 
constants of nature is a dimensionless number. One can see this at once. 
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The electrical force between two particles with equal charges ¢e in the distance 7 


: : : e 
is corresponding to Coulomb’s law given by a? the cnergy necessary to 


2 
e 
separate them, by sy Therefore e? can be measured as erg X cm. The 


units of # are erg x sec. those of c are cm./sec. ; fic is therefore measured in 
erg X sec. X cm./sec. or erg X cm., it has the same dimensions as ¢. Intro- 


ducing the known values of ¢, h, c, one finds 
1 
a = 0-00734, or very nearly = 37 
The fact that this number is small compared with 1, is not only the justi- 
fication for considering the relativity effect as small (its influence as a fine 
structure), but has the most fundamental consequences for the structure 
of matter in general. 


The mystery referred to in the title becomes apparent when we compare 
the two numerical coefficients in the fine structure formula 


ae 1 SS gs 
B= —Eaf{t + (a) * |e - al} 


namely (!/,3,)2 and 3. The latter is an arithmetical expression derived by 
mathematical reasoning. The other factor is not of this character. It 
was found as a combination of physical quantities with dimensions, measured 
in arbitrary units, and our knowledge of its value depends on the accuracy 
of these measurements. 


Is this state of aftairs satisfactory ? I think not in the least. We 
should expect that numerical coefficients in physical laws are always mathe- 
matical numbers like ? or w or something of the kind. If this here seems to 
be different it must mean an incompleteness of the theory. A perfect 
theory should be able to derive the number a by purely mathematical reason- 
ing without recourse to experience. But then we are led to a remarkable 
conclusion: If a is a mathematical number, the constants e, 4, c are not 
independent ! In other words, from measurements of two of them the third 
can be calculated. Assuming for instance % and c as primary quantities, 
the complete theory should permit to calculate the charge of the electron ! 
But speculating about a future theory is rather awkward, and before we 
say something about this question, we have to consider the réle which the 
number 137 plays in the existing theory. 


5. Electronic Units. 


We have seen that the non-relativistic properties of all atoms and mole- 
cules can be expressed by pure mathematical numbers, using Hartree’s 
atomic units a,, E, for length and energy. Sommerfeld’s results show that 
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these do not suffice for all properties of the atoms, the relativistic effects 
depending on the constant a. Now a, and E, are composed of properties 
of the electron, e and m, and of the quantum constant #4. The latter appears 
also: in a, and as this has a numerical value, one can eliminate / from the 
expressions @,, FE, : 


_ FF . Psney Ft. » # 
a @ 3 hs) ~Se- Oe 
3 1(f) =3 Fite 5 2 
E, = of = 3 me) = 3 8 = 5 aq 


Now 4,, E, are expressed by properties of the electron alone, a length, a)= 
2 
= and an energy, « = mc*. What is the meaning of these ? 


The answer for the energy is given by Einstein’s fundamental law which 
he derived in connection with the theory of relativity, stating that mass 
and energy are physically identical, their relation being c?. Therefore 

e=me 
is the energy of the electron. 
2 

Similarly the length a,= at can be considered as the radius of the 

electron ; but about this point we have to say some words. 


To-day most physicists are inclined to consider the electron as a point 
charge and to ignore any question about its size.and form as unanswerable 
and meaningless. It was not always like that. A quarter of a century 
ago it was good fashion to consider the electron as a body of finite dimensions, 
for instance as a sphere of radius a, with a charge distributed on its surface 
or throughout its volume. Then it was possible to derive the electromagnetic 
energy of the electron, and its electromagnetic momentum # from Maxwell’s 
equations in terms of charge e and radius a). The result was for a sphere 
and for slow velocities of the form 

«=A, ee 
Ag A c 
where A and B were numerical coefficients depending on the distribution 
of charge. 


Both expressions become infinite for ag=0. The assumption of the 
electron being a point charge is therefore impossible, as long as Maxwell’s 
equations are accepted as rigorously valid. 


The second formula which has the form p = mv suggests very strongly 


. . 2 . 
the interpretation of the coefficient m = B ~ as the electromagnetic 
0 


mass of the electron. 
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Corresponding to Einstein’s law mc?= e€ one should expect to have 


2 2 

me? = B — equal toe = AC , or A =B._ But the calculation with the 
0 

help of Maxwell’s equation gave the result that these coefficients are not 


equal, ¢.g., for a surface charge A = § B! 


The explanation of this discrepancy was seen in the assumption that 
the charges were kept together on the sphere representing the electron by 
some very strong coherence forces of unknown origin ; without these forces 
the electron ought to explode in consequence of the mutual repulsions of 
its equally charged parts. These forces should contribute to the energy 
and yield the missing $B. But this explanation looks rather artificial and 
unsatisfactory. The geometrical form and the charge distribution are just 
as arbitrary as those coherence forces. Therefore physicists generally pre- 
ferred to refrain from any hypothesis on the interior of the electron. But 
on the other hand the relation between mass or energy of the electron and 
radius was too beautiful to be given up. Therefore one began to consider 
the equation 
a == mc* = ¢€ = 8-1 x 10°" erg, 

Ao 
with the arbitrary choice of the coefficient A = 1, as definition of the con- 
ventional radius ay of the electron: 
e 


a = —, = 2-82 x 107% cm. 
mc 


It is the length, by which the radius a, of the first orbit of the H-atom is 
expressed ; we can write 


Ld 





= . € ~ € 
a = F © ~9(137)2 ~ 2 x 18770’ 
— = a == (137) ay = 18770 ap. 


We realise now the great importance of the number 137, the square of 
which determines the relation of the energy and radius of the H-atom, E, 
and a,, to the energy and radius of the electron, « and ap. 


We shall call €, a, electronic units of energy and length. As e?= ay ¢€ 
the value of ¢ in these units is 1. 


The large value of = = (137)? = 18770 is apparently the justification 


for treating the electrons in atoms or molecules as point charges with fixed 
masses. If you enlarge the electron to the size of a pea (diameter } cm.) 
the hydrogen atom would be a sphere with a diameter of 100m. The binding 








542 Max Born 


energy of the atom is small in the same relation to the self-energy of the 
electron. 

We shall now show that using electronic units all laws of atomic physics 
become dimensionless equations with numerical coefficients; but these 
are not all purely mathematical numbers, but amongst them appears the 


constant a. The great value of : == 137 is the decisive factor for the order 
of magnitude of all physical phenomena, when reduced to electronic units. 


6. Relativistic Wave Equations. 


Sommerfeld’s explanation of the fine structure was a most important 
pioneer work, but suffered from the same insufficiencies as Bohr’s theory in 
general and had to be replaced by the modern methods of quantum mechanics. 
We have now to consider the attempts to construct a wave equation for the 
electron which satisfies the principle of relativity. 

The first relativistic wave equation for a single electron in a given 
electromagnetic field has been stated by Gordon and Klein; it reads 


—> 
W eAy\? —- eA \? ) 


( 


Here the operator W means — : 3 


ha 
ot’ 


in complete analogy to p, = 
Fi . 

A, is the scalar and A the vector potential of the external field. 

As this field is generated by electrons or nuclei, we can split from the po- 


tentials the factor representing the potential of the point charge e¢ at 
0 


the distance 4): 
é F's oe 
Ao — = do, A = . db ? 


ao A 


—_ 
then ¢o, ¢ are dimensionless functions of space and time. If we take ay as 
unit of length, a,/c as unit of — the wave equation becomes : 


[Cd -a G Era) ee teh yee 


It contains only the dimensionless constant a. But this equation fails to 
represent an important property of the electron, the spin, or the fact that 
the electron has a mechanical angular momentum half that of the first orbit 


of Bohr, 4%, and a magnetic moment of the same amount as this orbit, ‘Dy -. 
Theoretically there are difficulties in interpreting the equation because of the 
appearance of the second derivative with respect to time of %. The statis- 


tical interpretation assumes that |y|? dx dy dz is the probability of finding 
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the electron in a specified element dx dy dz of space. But then the knowledge 
of the distribution function y% at the time 4 = 0 should suffice to calculate 
it at any other time; the differential equation ought to be of the first order 
in?t. But since it is of the second order the initial conditions must include 


the value of ¥ = 0 for ¢ = 0, which is difficult to understand. 


These considerations led Dirac to his celebrated wave equation of the 
first order in x, y, z and ¢: 


W 
{(S + fae) +7 (P+ 5A) + vome} ¥ =o, 
which contains as coefficients four numerical (dimensionless) operators or 


ca 
matrices Yo, y = (71) Ye) Ys)- 

The most important property of Dirac’s equation is the fact that it 
explains the spin of the electron. This becomes evident if one tries to deduce 
from it the Gordon-Klein equation as a first approximation; then there 
appear additional terms of the form 

le >> 


= oe 
2mc 


> 
where H is the magnetic field strength and o a vector-operator, composed 


of the y’s (and a similar electric term which is imaginary and has no imme- 
diate meaning). This can be interpreted as the energy of interaction of the 


— 
field H and the magnetic moment of the electron having the magnitude 
he 


Se’ called a magneton. 


If we introduce electronic units, Dirac’s equation becomes 


G cease (F268) tre} oo: 


it contains only the numbera = 37° 
2 
The magneton can be written at = os = , where ea, is the 
omc 2° mete 2a’ 
electric moment of two elementary charges in the distance ay), which in 


electronic units is equal to 1. The magneton is in these units = = 68-5. 
a 


If the potentials do not vary with time there exist stationary states 


: + kt 
which one gets by taking # proportional to ¢/ —_, or in the electronic units 
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e'2Et ‘The wave equation, divided by a, is then 


— 
(fs —=* 443 $) on 0 
l -t+ (52 +4 + yor # = 0. 
In the case of a hydrogen-like atom or ion the field of the nucleus is 


P ‘ Ze > : " 
described by a scalar potential Ay= a whereas A =0; or in electronic 


: ZZ? . : : 
units dy = 3 @ = 0. The equation can be rigorously solved ; the stationary 


states are given by 


—_ 1 


272 
ye ee... ME 
af {n — k+ Vk?—?Z?} 


where m, k are the same quantum numbers as in Sommerfeld’s theory. As 
a matter of fact, the same formula has been already derived by Sommerfeld 
using the old method of Bohr’s orbits. One can easily see that the approxi- 
mate formula given at the beginning of our discussion can be got from the 
exact one by a development with respect to powers of a. The zero order 
term is the rest energy of the electron (1 in electronic units) not written in 
Sommerfeld’s formula ; the first order term in a? corresponds to the Balmer 
term, the next term to Sommerfeld’s fine structure correction. 


The complete agreement of the exact formula with the structure of the 
X-ray spectra up to the highest atomic numbers shows that the number 137 
governs the behaviour of a stationary electron in a nuclear field to the finest 
detail. 








7. Interaction of Electrons and Radiation. 


The most important case where the constant a enters into the laws of 
physics is the interaction of electrons with electromagnetic radiation. 

In the preceding considerations we have dealt with stationary states 
of the atoms or molecules, their dimensions and energies. But an excited 
state has a natural instability because the surrounding ether can take energy 
from the atom and carry it away as radiation or light. This process depends 
on the constant a, as can easily be seen by a semi-classical consideration. 

A vibrating electron of the frequency v sends out energy in form of electro- 
magnetic waves corresponding to the law 

dE it 
“ge e* 
where the constant 7, of the dimension of a time, is given by 


re 3 me 
Ba? ey?" 
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This classical law of radiation can be transferred to the quantum theory. 
Then we have not a continuous loss of energy, but instantaneous transitions 
from excited states to lower states. Each excited. state has a certain life 
time which is unambiguously determined by the wave equation of Schréd- 
inger, with the help of the matrix element of the dipole moment of the 
system. 


The result of this consideration is that all life times are of the form fr 
where 7 is the constant given above and f a mathematical number, charac- 
teristic for the state considered. 


Let us now calculate the life time of the first excited state of the 
H-atom and compare it with the period of vibration corresponding to the 
transition to the ground state. In this case f turns out to be nearly 1. Hence 


the life time is r, and as the period is T = : , the ratio in question is 
Vv 


3 mc 


Introducing here for v the value from Balmer’s formula 


1 1 1 3 3 
r=, 5( - 9) -g hg, 


we find easily 
T ay 2 
= — ao —_—- R 
" a = (137)? = 1-64 x 108. 


The reciprocal of this is the relative width of the spectral line, 
AY _ 6.1 x 107”, 


v 


This quotient can also be considered as the coupling energy of electronic 
motion and radiation field, h Av relative to the emitted energy, hv. 


_ The enormous length of the life time measured in periods of emitted 
vibrations, or the extreme smallness of the coupling energy between atom 
and ether is of the greatest importance for the appearance of the physical 
world and our method to describe it. It makes it possible to separate atoms 
from the surrounding field and to ascribe to them stationary states. If a 
were bigger than it really is, we should not be able to distinguish matter from 
ether, and our task to disentangle the natural laws would be hopelessly 
difficult. The fact however that a has just its value 37 is certainly no chance 
but itself a law of nature. It is clear that the explanation of this number 
must be the central problem of natural philosophy. But before we can dis- 
cuss this question we have to mention many other phenomena determined by 
the value of a. 
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One of the simplest in principle, even simpler than the radiation of a 
bound electron just considered, is the interaction of free electrons and radia- 
tion. This can be treated rigorously with the help of Dirac’s equation, by 
introducing into it the alternating field of a light wave. Then the static 


> 
potential ¢, vanishes, the vector potential ¢ is a periodic function of 
>> > 
(vt —k r) representing a wave with the frequency v and the wave-vector k 


(i.e., a vector in the direction of the wave normal and a length s when 
is the wave-length). 


The effect of light waves on free electrons consists in a scattering of the 
light. If the frequency is high, as for X-rays, the scattered wave has a lower 
frequency as the primary wave. This is the Compton effect. It is well 
known that it can be explained by an application of the laws of conservation 
of energy and momentum, ascribing the light quantum the energy hv and 


the momentum = ; the result of a simple calculation is 


AA = 2, sint % 
where ¢ is the angle of deflexion of the light quantum and A, the socalled 
Compton wave-length, namely 


A, = _— 2-42 x 10°7?° cm. 
mec 
This length is characteristic for pure quantum effects, just as the electronic 
radius 
e 


a, = —» = 2-82 x 10-* cm. 
mc 


is characteristic for purely electronic effects. Their quotient 


ae 
% he Wwhe 22a 
is again the fine structure constant, divided by 22. 

The existence of the mysterious number can therefore be ascribed to the 
fact, that there are two different “‘natural’’ units of length, in our laws of 
nature, a larger one A, taken from quantum theory, a smaller one a, taken 
from the clectron. 


The probability laws of the scattering of light, the law of angular distri- 
bution and the total yield, can be expressed with the help of an effective 
cross-section g. For long waves this can be deduced from the field equations 
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of Maxwell and classical mechanics ; the result is J. J. Thomson’s well-known 


formula 
87 
a 2 
— ao . 


3 
For shorter. waves Dirac’s equation has to be used; the calculation, 
first performed by Klein and Nishina, gives an expression for the cross-section, 


Ag 


which deviates from Thomson’s formula by a function of-7 = ? where A is 
the wave-length of the incident light and A, = = the Compton wave- 


length : 


8 / 
i 4 a?f{n), 


y {hta (Ale l ] 1 ‘i 
3 .. 143 os (1+ 2n) +9, log (1 + 2n) 


Since, as we have seen, Ay = ia 137a9, we have y = > when A is 


1+ 3 
(1+ 2n)? 


measured in electronic units. Then 


= 5/(3)= F/C8) 


is a numerical function of A which contains the constant a = ;#,. 

There are many other possibilities of interaction between light quanta 
and charged particles. One important case is the scattering of a beam of 
electrons passing a nucleus with emission of light. It turns out that this 
process is more effective causing absorption of the electronic beam than any 
other process (as excitation or ionisation), provided that the energy is high, 
greater than « = mc? (or | in electronic units) ; it determines the decay of 
cosmic rays passing matter. We give as example the formula of Bethe and 
Heitler, representing the loss of energy per unit length in a medium containing 
N nuclei of the atomic number Z per unit volume, for electrons with an energy 
larger than ¢, but smaller than = = 1387: 

_ = = NqE, 


where the effective cross-section in electronic units is 
@ an: 2 (4 log 2E ~3) 


a numerical function depending on a = zg#y. ‘These examples which could 
easily be extended show how the number 137 is the dominating factor for all 
natural phenomena. 
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8. A Unitary Theory of the Electromagnetic Field. 


But this number 137 itself is not explained by the existing theories. This 
is a very unsatisfactory situation. We are compelled to look for improve- 
ments. For this purpose it is necessary to find out the weak points, both 
deviations of theoretical predictions from experience and internal logical 
difficulties. As to the first point there is general agreement that there are 
deviations. Very fast particles are much less absorbed than the theory 
predicts. This is proved by the enormous penetrating power of the cosmic 
rays. ‘The retardation of electrons by nuclei with emission of light, mentioned 
in the last section as the most effective cause of absorption, would stop the 
cosmic radiation in a metre of water whereas this radiation is still be found 
at the bottom of deep lakes in some 500 m. deep. In some cases the retarda- 
tion of single electrons by passing a plate of lead has been measured ; a Wilson 
cloud chamber combined with a powerful magnet shows curved tracks, and 
the increase of curvature of a track passing a lead plate allows to calculate the 
retardation. For particles with an energy larger than 100€ the decrease 
of velocity was found decidedly less than what theory predicts. 

Looking for internal logical difficulties we remember the rather shocking 
way by which the “ radius of the electron’’ was introduced. Unable to 
bring the assumption of finite dimensions of the electron in accord with Max- 
well’s field equations the physicists agreed silently to make use of the electro- 


. ' e , . 
nic radius defined by a, = aa’ and to consider at the same time the 
electron as a point charge ! 


It is evident that the field equations have to be changed in such a way 
that the electron gets a finite radius and the “‘ coherence ’”’ forces necessary 
to keep the charge distribution together satisfy the postulate of relativity, 
Since in the expression for a) the constant / does not appear, it seems to be 
very improbable that this problem has anything to do with quantum theory. 
Therefore it has been attacked from the standpoint of classical theory 
on very many different ways. Two main ideas can be distinguished. 
One way initiated by Einstein introduces gravitation as the internal cause 
of the coherence of the electron, and endeavours to accomplish this by a 
unification of the gravitational and the electromagnetic field. Many “ uni- 
fied field theories’’ have been published, by Einstein, Weyl, Eddington, 
Veblen and many others, but without success. I believe that this is quite 
natural. Gravitation is a very weak force, which we know experimentally 
only from macroscopic, electrically neutral bodies. It seems to me very doubt- 
ful whether it has a meaning at all, to talk about the gravitation of two elec- 
trons. The gravitational attraction between these electrons in the distance 7 is 
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2 2. ae bie 
Ps , where x= 6-664 x 10-8 dyne > is the constant of gravitation, whereas 
r 


2 
the electric repulsion is - The relation gravitational to electrical force 


2 ° . : 
is ee = 2-4 x 10-*. The extreme smallness of this factor is a convinc- 
e 


ing argument that the idea of explaining the elementary patticles with help 
of gravity and all the attempts of unified field theories are entirely wrong. 


The other way of a modification of Maxwell’s field equations was first 
tried by Mie in 1912 who showed that these equations allow very great general- 
isations without losing their shape and invariance properties. - He developed 
an admirable formation of a non-linear field theory, but made unnecessary 
assumptions which led him to so serious difficulties that this line of research 
has been nearly forgotten, until I took it up recently. 


A direct introduction of a length (the radius of the electron) in any kind 
of field equations seems impossible if the charges are considered as concent- 
rated in points. For these equations, as given by Mie, have the general form 

-> > > 
i=-s0tH; div D = 0, 


> > ._= 
B = —rotE, div B = 0. 


+-> 
where the components of the vectors D, H are functions of the components of 


>= 
B, E; as the equations are homogeneous in 4, y, 2, ct, they do not permit any 
simplification by the introduction of a “ natural’’ unit of length. But since 


‘ ad >>. , 
the relation between D, H and B, E is not linear, there is the possibility of 
introducing a natural unit for the field. The following assumption turned 
out to be successful : 





a 2 
De = — st He 3B.’ “se 
where 
j 1 => => io- => 
wa) /i + 3B - HH — @B-#) - 1} 
This function L, is called ‘‘ Lagrangian’’. In the case of Maxwell’s equations 


; hak > -> ; > 3SeeE lO 
in vacuo it is I, = $(B*— E?), whence it follows that D=E, H=B. The 
new function L, is a generalisation thereof ; it contains a constant b called 


> > 
the “‘ absolute field’’, which is supposed to be very large. If B, E are 


small compared with 6, L, reduces in first appfoximation to Maxwell’s 
A2 F 
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expression L, = 1(B? _ EF). Infeld and I have shown that I, is the simplest 
function fulfilling all conditions of relativity. 

As Mie has already shown, the laws of conservation of electromagnetic 
energy and momentum can be derived from the field equations, in the form 
of divergence-equations. For instance the law of conservation of energy is 

vu 
at ' 


P _ 
Cy: & =—-0 


where 
— => 


> aa 
are the densities of energy and momentum. There is a static solution 


= aoe . . . . > 
(H = 0, B = 0) corresponding to a point charge. For the equation div D=0 
a 


, . e 
has the centre-symmetric solution D, = a and one has 





1; = a ===» 
dE, VJ 1 ile 33 27 
or 
D e 
Th. a: <nqpeaiateipanniin en: opiate 
l 4 
if v7, is defined by 
é 
b to 


E, is everywhere finite ; for large 7, compared with 7», one has E, > am 
r 
t.e., Coulomb’s law, but for small 7 E, does not become infinite, but as- 
sumes for r= 0 the value ss =. The absolute field constant is therefore 
0 
the field in the centre of the electron. Since this theory is relativistically 
invariant, Einstein’s law E =mc* is exactly fulfilled. A simple calculation gives 
for the rest-energy 
2 
E = me = f U dx dy dz = 1-236 . 
0 
This formula can be considered as exact definition of the ‘‘ radius of the clec- 
tron ’’, which deviates from the ‘‘ conventional’’ radius ag by a numerical 
factor : 








e 
%q= 1-236 me = 1236 Ao. 





Here we have the principal point: The new theory considers matter 
and field not as two entities, hut as one and the same. The particles are 
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simple singularities of the field, and their mass is the field energy connected 
with the singularities. It is a unitary field theory, in opposition to the accepted 
dualistic theories which introduce separate masses for each kind of particles. 

We cannot enter into a discussion of other consequences of this theory, 
but we shall restrict ourselves to the question connected with the mystical 
number 137. There is little hope that this new theory of the electromagnetic 
field can help us immediately to understand this number; for as it was 
defined with the help of 4 it must be connected with quantum ideas and can 
never be derived from a purely classical theory. The new field theory removes 
the difficulties connected with the ‘“‘ radius of the electron?’ (or with the 
infinite self-energy of the electron as a point charge), but it is certainly only 
a limiting case of a quantum electro-dynamics, just as classical mechanics 
is a limiting case of quantum mechanics (Bohr’s correspondence principle). 


9. Quantum Electrodynamics. 


The idea of light quanta or photons, as proposed by Einstein for the 
explanation of the photoelectric effect, was the first indication that quantum 
principles had to be applied to the electromagnetic field in the empty space. 

For this purpose one considers the field as composed of harmonic waves, 
by a Fourier analysis ; then each Fourier-coefficient, representing the ampli- 
tude of a monochromatic wave, can be treated as mechanical coordinate 
and subject to quantum conditions. In this way it was possible to give an 
exact meaning to the notion of a photon and to derive the laws of statistical 
equilibria of those, 7.e., Planck’s law of radiation and the fluctuation of radiant 
energy. Dirac succeeded in giving a rigorous treatment of emission, absorp- 
tion and scattering of light by considering an atom and its surrounding field 
as a quantised system. 

Irater Pauli and Heisenberg gave the theory a form which did not make 
use of the Fourier decomposition of the field components, but treated these 
directly as quantum variables. This method can be transferred to the unitary 
field theory, in the following way : 


oa —> 
The components of the vectors D and B have to be taken as primary 


variables ; just as in quantum mechanics g and p = oe do not commute 
hfa 


es ae. a . (Pe. ee 4 
fone has (69 — 96) fla) = 7[5- (af) — 9 2] = FS or bq — op = 7} some 
— > >-> 
components of D and B are supposed not to commute. D, B are functions of 
— 
the space vector 7 (x, y, 2) and time ¢; x, y, z,¢ are considered as commuting 


o> a> 
variables. The assumption is made that any components of D and B 
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commute, when they are taken in two points at finite distance, but that this 
fails to hold, if the two points approach. One has commutation laws as: 


D, (r,t): B, (rt) — B, (mt): Dy (mt) = he 28 Gm) 


> - 
8 (y, = im = 8(%, — %_) - 8(v, — Ve) - 5 (2, — 2%) is the product of three 
symbolic 5-functions of Dirac. {8(x) is 0 for x0, but co for x=0 in 


such a way that I 8(x)ax = of. 


ee 
If D, B are expressed as multiples of the absolute field constant 6, one gets 
D, B.@) — B,@) pay = 42 o(77_ 7 
y itil i Yl a oe 
Since db = * the constant is 


) 
Ac _ ic 


te oe a of 
b? ” a ” 
The appearance of the factor 7 is explained by the fact that the 8-function 


is not dimensionless, but is of the order > as its integral over space is 


unity ; therefore ro! < § is dimensionless. 


These commutation laws are combined with differential equations giving 
the change of an operator F in space and time: 


AOE _ WF — FW 
t ot 
h oF 
i_- (p.F — Fz) 
where 
> > 
w = / ude, p=[S8 ad 
are the total electromagnetic energy and momentum. The energy density 


>s> 
U can be taken as any invariant function of D, B; in the case of the 
Lagrangian L, given in the last section one has (with b = 1): 


/ > > > => Ss 
U= V1+D?+ Be +S? -1, S=D xB. 
Then it can be shown that the generalised field equations are a consequence 
of this assumption. 
It can also be shown that a closed system as a whole satisfies the laws 
of quantum mechanics. Especially its total angular momentum 
> > > 
M = [(r x$) dv 
is quantised, and always an integer multiple of A. 
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This result shows that the theory in this form is incomplete. For we 
know that electrons (and protons) have the angular momentum 4%. The 
spin effect is not represented by these equations. 

Therefore my collaborator M. H. L. Pryce has proposed a modification 

. . . mee —> 
of the theory in which the coordinate g and the momentum é of the point 


charge are introduced as new quantum variahles. They are connected with 
the field by the quantum conditions 


[D.., £,] =e )yeore 


The expressions for energy and momentum are modified so-as to represent 
the spin effects ; for one singularity they are 


> => 
oe 


-> > 
W= /Udv +a - &, 
> a > 
p=[Sdv + €. 


> 
Here a is a vector the components of which are Dirac-matrices a,, as, ag. 
Then it can be shown that the field equations follow in the form : 


> _2> > => 
q), div D = 4me d(r — gq), 


= i > > 
D—rotH =4nmea &(r — 


- > >. 
B + rot E =0 div B = 0. 
They have now 6-functions on the right hand term, corresponding to a point 


aa > 
charge at the point q moving with the velocity a. 
The total angular momentum of a closed system is now the vector sum 


of the electromagnetic momentum / sg x 8) dv and the spin momentum $ &. 
This formalism seems to give the possibility of adapting Dirac’s spin theory 
to the general idea of the non-linear field equations in which the particles 
appear as singularities. 

But on the other hand the equations of Pryce do not agree well with 
our aim to explain the number 137. For as the commutation rules of the 
field components contain the constant 4, the ideal theory should not intro- 
duce e¢ as an independent constant as is the case in Pryce’s commutation 


rule for D and 3 
Nevertheless this theory can be adopted as a step in the right direction, 
as the following considerations show. 
10. The Mass of the Proton. 


As we have seen, the total angular momentum of a closed system is 
the vector sum of the real electromagnetic momentum Jf, with / = 0, 1, 2,---, 
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and the spin momentum of the singularities, 44. The quantum number 
of the total momentum / has therefore the values 4, #, §,...... , but to each 
value of j correspond two states: / +4 and (1 +1) —4. All this is well 
known from the theory of the spectra, where the azimutal quantum numbher | 
of the orbital motion combines with the spin } to the so-called inner quantum 
number 7. But whereas the two states with the same j have nearly the 
same energy in the case of the spectra so that the spin leads only to a fine 
structure of the lines the application of this idea to the point charge, as 
singularity of the non-linear field equations, leads to a very gross structure 
indeed : it gives the enormous difference of the internal energies of the proton 
and the electron. 

This idea has been suggested by Pryce. He started from the experi- 
mental fact that both kinds of particles, protons and electrons have the 
same angular momentum. As the spin is not connected with an accumu- 
lation of energy, the state 0 + $ with no electromagnetic momentum (/ = 0) 
should have only electrostatic energy, whereas the state 1 — 4 which has a 
finite electromagnetic momentum (/ = 1), has an additional electromagnetic 
energy, which might explain the great mass difference. 

I shall show that this conjecture is strongly confirmed by an estimate 
of the energies. A correct calculation would of course imply the exact 
solution of the problem of our field equations, not only as classical differen- 
tial equations, but as a quantum problem. We are far from being able to 
solve this problem. But for an estimate of the order of magnitude this is 
not necessary. It suffices to combine some well-established knowledge. 

We know from experiments of Stern the magnetic moment of the proton. 
It is of the order of magnitude which one expects if the electronic mass m 


in the expression for the magneton hp = =~ is replaced by the mass of 


the proton M; yet it is not exactly equal to the ‘“‘ nuclear magneton”’ 
= p» = 1840 pw, but about 2} times larger. This shows that the magnetic 
moment of the proton is not a primary effect like that of the electron, but 
may be the result of two nearly compensating actions. This fits very well 
with Pryce’s idea of the proton being the state 1 — 4 of the elementaty 
charge. We know that the magnetic moments of the spin and of the orbital 
motion of the electron in an atom running around a nucleus, are equal, both 
one Bohr magneton, in spite of the difference of the mechanical momentum. 
It is natura] to assume that the same holds for the magnetic moment of the 
electromagnetic field of the elementary charge itself. The two motions 
characterised by / = 1 and s= 4 would compensate their magnetic moments, 
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if there would be no interaction between them. This interaction may be 
responsible for the small difference, about 24 nuclear magnetons ; but this 
question does not interest us. 


We try now to estimate the energy of the rotating electromagnetic 
field with the magnetic moment ». As an exact calculation is impossible 
we use the analogy of the electrostatic case. There we know that the unitary 
field theory gives an expression of the same form Ac for the energy of a 

0 
point charge, as the classical theory for a charged sphere, only with a little 
different numerical coefficient A. We can safely suppose that the same 
holds in the magnetic case. Now the magnetic energy of a magnetised 


2 
sphere of the radius a, with the moment pis}. We can be confident 
P age 


that this holds also in the unitary theory with respect to order of magnitude. 


Here we introduce the value p = a As we shall see immediately the 


resulting expression for the magnetic energy is large compared with the 
electrostatic energy, and we can identify it with the total energy Mc? of the 
rotating charge. So we find 
ea 1 tt # 

ee eo 
as * (2a)? a,® 8a ay 
On the other hand the electrostatic energy of the point charge is 

e 


mec = —, 
ao 
From this follows 
M _ 1 _ (37) _ 18770 


m 82  °&8 8 
This agrees fairly well with the mass quotient 1840 of proton and electron, 
for the numerical coefficients are rather arbitrary. But the appearance of 


= 2340. 


a. ‘ _ ia : 
the factor a2 iS quite unambiguous, and it is responsible for the order of 


magnitude. 


If the idea is correct, that the positron and the proton, the electron and 
the (hypothetical) negative proton are different states of the same elementary 
charge, one should expect to find transitions ; for instance from a proton 
to a positron under emission of light quanta. The energy of these should 
be of the order Mc* or 1840 mc*, and since mc* corresponds to about $ million 
electron volts, this radiation would have an energy of about 1000 million 
volts. 
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Now the objection can be raised: why do then exist protons at all ? 
And when a proton is generated from a positron by absorption of energy, 
why does it not spontaneously jump back in its initial state ? 

The answer is given by the consideration that a rotating charge distri- 
bution of one sign has no electric moment ; it cannot emit a dipole radiation, 
but only a quadrapole radiation (of the magnetic type). But it is well-known 
that in this case the rotational quantum number changes by 2, not by 1. 
Hence the state / = 1 is metastable, it cannot go over into the state / =0 
by emission of radiation. 

But collisions with fast electrons may induce such a transition. There- 
fore one might expect the occurrence of transformations of protons into 
positrons in matter bombarded by cosmic rays. Such process would involve 
most violent emission of light quanta from one point of the space, like an 
enormous explosion, which may accelerate the surrounding electrons of the 
atom, or may produce a number of electronic pairs (an effect, of which we 
have to speak in the next section). 

' Explosions of such kind have been observed by Hoffmann as “‘ Stésse,” 
or bursts, in an ionisation chamber ; it is not settled whether the ‘‘showers of”’ 
particles (positive and negative electrons) discovered by Blackett and 
Occhialini are small bursts, or something different. No satisfactory expla- 
nation of bursts and showers has been given on the accepted theories. I 
should like to propose the idea that we have in the bursts the affects of the 
transformation of protons into positrons. 

The hypothesis of the intrinsic identity of the light and heavy particles, 
being different rotational states of the same singularity of the electromagnetic 
field reduces one of the mysterious numbers, 1840, tothe other, 137. But 
the problem of the latter is not solved, not even approached. It seems 
extremely difficult to understand the formula for the magneton p = - 
= 68-5eay, because of the big numerical factor. Classical considerations 
are very unlikely to be of any use. The general formula for the magnetic 


. 4 1 a 
moment of rotating charges is p = Ie Xe(r xX v). If one takes for v the 
maximum. value c and concentrates all charges in one distance R, 
orie has p = $ eR; therefore the efficient radius should be - = 137a, 
o 


= 5 where A, is the Compton wave-length. This consideration reveals the 
root of the difficulty : the existence of two different natural units of length, 


the electrostatic unit a) and the quantum unit ~. in the relation a. 
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11. Attempts to explain the Mysterious Number. 


We have given the value of as a whole number 137. The reason is 


simple, viz., that the accuracy of measurement does not seem to suffice for 
a determination of the next figure. There are two ways, either measure- 
ments of e¢, A and c, from which a == can be computed ; or direct mea- 
surements of the fine structure of hydrogen like atoms. The latter 
method has been improved recently by using heavy hydrogen, or deuterium 
D; by comparing the fine structure of H and D one can reduce the determi- 
1 
a 
decidedly greater than 137, about 137-2. I believe that we have no reason 


nation of a to a relative measurement. ‘The result seems to be that is 


to assume that : is a whole number. 


But some years ago, when the numerical value was still less known, 
Eddington proposed a theory in which ~ should be a whole number 136. 


This figure was supposed to be the expression } * (n?+ 1) for n = 4, repre- 
senting something like the ‘‘ number of freedom’”’ of the Dirac electron 
(which is described by matrices with 4 lines and columns). Later, when it 


>? 


became clear, that * was more likely to be 137 than 136 he changed his 


theory soas toaddaunit. He also developed a formula for the mass quotient 
which was found to be the root of quadratic equations in which besides 136 
the number 10 played a réle, 10 being the value of $ n? (m? + 1) for m = 2. 
I was never able to understand this theory which seems to be itself 
rather mystical. 
We shall turn now to the question how to explain the number 137 from 
the standpoint of the theories discussed here. 


Asa = é connects the constants e¢ and # one must either assume the 


hic 
existence of smallest electric charges e and reduce the quantum constant 
h to it, or vice versa. ; 

Now we know that charges can be born or disappear. This fact which 
was first foreseen by Dirac’s theory of the positron and is evident from the 
standpoint of the unitary field theory has been stated experimentally with- 
out doubt. Light quanta passing the field of a nucleus can produce a pair 
of electrons, one positive, the other negative ; and such a pair can vanish 
by neutralisation, emitting light quanta. 








558 Max a 


The laws of this materialisation effect can be derived from Dirac’s 
quantum mechanical theory, as we shall see immediately. Therefore it 
seems natural to assume # as primary quantity and to try an explanation 
of the birth of electrical quanta. Let us consider this first from the stand- 
point of the unitary field theory as classical differential equations. Here 
the electron and the positron are representéd by two equal and opposite 
point charges surrounded by a static field. If the distance of the singularities 
is large compared with a, one can consider the field separately for each 
charge. But when the electrons approach, the fields melt together, as the 
equations are not additive. This process can be followed in all details in 
a special case, namely for two dimensions and infinitely slow motions. My 
collaborator Pryce has developed the exact solution for this case. The 
formule describe how the field concentrates and disappears when the 
charges approach till they coincide. But this quasi-static process would 
need forces keeping the charges in their instantaneous positions. If they 
are left free, they will be accelerated towards another, generating a magnetic 
field. As this has the tendency to persevere (electromagnetic inertia), the 
pair of charges will shoot over the position of neutralisation and appear with 
reversed signs. It constitutes a kind of oscillator or dipole the binding force 
of which is determined by the field itself. The oscillations will be damped as 
energy is sent out in form of spherical waves. In this way the amplitudes 


diminish till the neutralisation is perfect and all the energy is radiated away. 

The disappearance of a pair is therefore connected with a vibration 
‘“‘ around the nothing’. The frequency of this vibration must be determined 
by the constants of the field theory c, 6 and e. The only quantity of the 
dimension of reciprocal time which can be built out of these is c af . ee : 

e % 

the frequency of neutralisation must therefore be of the form v =y oo 
"% 


where y is a numerical constant. 
If there is any correspondence between this classical consideration and 

the real quantum process of neutralisation, this v should be the Compton 
c me" , . 

frequence, v9= c= For having conservation of momentum, the 
0 : 

light emitted must consist at least out of 2 photons; the energy 2mc? 

disappears, therefore one has mc*= hyo. 


2 
Introducing here mc* =1 -236 - and vy=y - one gets 
0 0 


2 
oo any 
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Here we have a new interpretation of a: it is determined by the 
neutralisation frequency of an electron pair. 


The only existing real attempt to calculate a has an intimate connection 
to this idea. 


As we said, Dirac has explained the existence of positive electrons and 
the neutralisation of pairs from the standpoint of his wave equation. This 
equation has a property which was considered first as a great disadvantage : 
it gives states of negative energy. The energy of a free electron is given 
by the relativistic expression E = c Vm*c* + p*, where p is the momentum ; 
here the square root can have both signs. The possible values of E are 
thercfore the positive numbers > mc? and the negative numbers < — mc?. 
To overcome this difficulty Dirac assumed that all states of negative 
energy are generally filled up by (negative) electrons, using Pauli’s 
principle that no state can contain more than one electron (confirmed 
by the laws of atomic spectra). Only occasionally, for instance by the 
action of a photon, an electron can be thrown out of a state of negative 
energy. ‘Then it appears as a normal electron, but at the same time there 
remains a “hole’’ in the lake of electrons with negative energy, and this 
hole behaves exactly like a positive electron with positive energy. If 
the electron falls down into the hole under emission of photons, the pair 
vanishes. 


This strange idea has proved itself to be very fruitful as it leads to for- 
mule for the yield of birth or death of pairs in fair agreement with experience. 
These effects can apparently be treated as simple acts of emission or absorp- 
tion, only that one of the states concerned has a negative energy value. The 
theory allows us to calculate the effective cross-section for the generation 
of a pair by a _ hv in the field of nucleus of charge Ze: 


a= 5 at Ztat | (og = ~ =) 


and this formula represents the facts with astonishing accuracy. 


But on the other hand this theory leads to immense intrinsic difficulties. 
It is compelled to assume that the infinity of electrons with negative energy 
do not generate a field, but are attacked by fields (otherwise light would 
not make pairs). The distinction between positive and negative energy 
values is clear only in the case of free electrons ; if fields are present, it breaks 
down. Further the difficulty of the “ infinite self-energy ’’ of the electron 
which is the trouble of each theory using Maxwell’s equations appears here 
enlarged by other infinities, arising from the infinite number of electrons 
in the states of negative energy. 
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Dirac and Heisenberg have tried to overcome these difficulties by sub- 
tracting the electric density of the negative states from the actual density, 
But as both are infinite numbers their difference is not uniquely determined 
and there is a great deal of arbitrariness in these assumptions. 


Nevertheless, there are definite equations stated by these authors which 
claim to represent the motions of positive and negative electrons, and these 
equations have one property in common with the unitary field theory: they 
are not linear. These non-linear terms give rise to an effect which can also 
be derived from the unitary field theory (but not from Maxwell’s equations) : 
scattering of light by light. It can be interpreted from the standpoint of 
Dirac’s theory in the following way: Two incident photons can be irstan- 
taneously absorbed giving rise to a pair of electrons; but these collapse 
immediately under emission of two other photons. The total effect looks 
like a collision of the photons. But it is intimately connected with the 
generation and neutralisation of a pair. This is the connection with the 
classical consideration given above. But whereas the permanent produc- 
tion of a pair cannot be calculated from the standpoint of the unitary field 
theory, this scattering effect can be treated easily and the comparison of the 
results of both methods gives the connection between e and A which we are 
looking for. 


This method has been worked out by two pupils of Heisenberg, Euler 
and Kockel. They calculate the scattering of light by light from the Dirac- 
Heisenberg theory of “‘ holes ’’ and show that it can be expressed as a result 
of non-linear correction terms to Maxwell’s equation, corresponding to a 
Lagrangian 

> = 3 \2 > > >S> 
L = 4(B — BY) — 9 (soa) 5 {Bt — By 4. 7B Ep). 


This can be compared with the Lagrangian of the unitary field theory 
developed into a power series : 


“Fe > 
L = {,/1 +b ja (BY — B) —5(B- 





-> - iT = 
= } (BP — EB’) — 55; (B? — E*)2? +4 (B- 
8b2 | 
There is no full coincidence of the second order term, as the coefficients of 
> - 
the term (B. E)* differ from another. 


Neglecting this point, we can equate the coefficients : 


oz (aa) - eee. 
90m \mect) a ~ Bb" 
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Now we have 


2 
b=, mc? = 1.236 ©, 
% 1% 


and it follows 
45n(1-236)4 

Greer re 
This is smaller than the experimental value 137 by the factor 1-66, but 
it is of the right order of magnitude. Considering the arbitrary assumptions 
made in the Dirac-Heisenberg theory the discrepancy seems not to be dis- 
couraging. In any case, it gives the first order terms of the unitary field 
theory. But the numerical factor 1-236 in the connection between mc? 


82-4. 


2 
and < rests on a Classical calculation which is really an unjustified extra- 
0 


polation into the interior of the electron. 


An observation of the scattering of light by light is not possible owing 
to the smallness of the effect. The cross-section is of the order 


1 (7%\° 
=r? —(~2 
= alt) 
equal to about 10-°° cm.? for y-rays, 10-7° cm.? for visible light. 


72. Conclusion. 


Proposing the idea of a unitary field theory I am aware of being 
in opposition to the most eminent physicists, as Bohr, Pauli, Heisenberg. 
They seem to have the idea that a perfect theory should express the laws 
of the motion of the elementary particles by wave equations, each particle 
having a given charge and mass; the electromagnetic field shall play only 
the réle of a fiction invented to represent the finite velocity of the propaga- 
tion of the interaction of the particles in a convenient way. My objection 
to this programme is that I cannot see how it ever could explain the existence 
of the heavy and light elementary particles and their definite mass quotient 
1840, and the relation of the charge to the quantum constant expressed by 
the number 137. 


But it may turn out that both ways lead to the same result, as the con- 
sideration of the last section shows an intimate relationship between them. 
Just as quantum mechanics can be considered as a reconciliation of the 
ideas of particle and wave by a critical review of the fundamental motions 
of space-time and energy-momentum, the physics of the future may be an 
amalgamation of the ideas of quantum and charge with help of a critical 
study of the notions used for the déscription of the electromagnetic field 
and its singularities. 
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Introduction. 
Let G(n) denote the least s such that every large number is a sum of s nth 
powers > 0. Vitogradow!' has recently proved that 
G(n) = O(n log n). 
On the basis of an unproved result, namely: 
Hypothesis K. The number of representations of N as a sum of n uth 
powers > 0 is O(NE ) for any « > 0, Hardy and Littlewood? proved that 
G(n) < Max [2n + 1, I'(n)] 
where I"(n) may be defined as the least s such that every arithmetical pro- 


gression contains an infinity of numbers of the form x,* + x,% + --- + %,* 
where the x’s are required to be integers. 


We shall denote by H,, ,,(x) the number of positive integers not exceeding 
x which are expressible as a sum of m mth powers > 0. We note that the 
hypothesis that 


Hypothesis P. Hy,(x) > x1-€[x > % 9 (e)] for any positive € is less drastic 
than Hypothesis K. 


Pillai has recently modified Vinogradow’s method so as to prove the 
following results :— 


I. If Hypothesis P is true then 
G(n) < Max [n+1, I'(m)] + 2m +1. 
II. Every large number is a sum of I,(n)+1 nth powers > 0 and 2 
primes, where I',(n) = Max [n+1, I'(n)]. 


In this paper we use the methods of Hardy, Littlewood and Vinogradow, 
coupled with ideas from Pillai, to prove the following result. 





1 Annals of Mathematics, 1935, 36, 395-405. 
2 Math. Ztschr., 1925, 23, 1-37. (We shall refer to this paper as P.N. VI.) 
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III. There exists a number w, depending only on n, with the following 
property. If Hypothesis P is true then every large number =1 (mod w) ts 
expressible as a sum of (3n+2) nth powers >0. Heren > ny. This result 
is deduced from 

IV. Jf n ts greater than to, and 

— — <a —_——_— 
Hyn(%) > > - n(n--1)2"+2 
then there exists a ‘w’ depending only on n such that every large number = 
I(mod w) ts a sum of (3n+2) nth powers > 0. 


Some special cases of III are worthy of mention. Let us write 
(m)* = (n)* 


when there exist non-negative integers x, (s < m), ,; (t < m) such that 


mt 


n 
a x- = J yi 


s=1 t=1 
and 
x, (s<m) + yy; (¢ < m) and further where at least one x or y is 
different from zero ; also (%,, +++, %m, Vi, ***, Vn) = 1. It is not yet known 
whether (and this is a problem of great interest) 
(k)* = (k)* 


is always possible (proved for? k < 10). Another problem of exceptional 
interest is that of determining the least m for which 

(1) = (m)4 
is possible. If Fermat’s last theorem is true then m > 3. All existing 
computational evidence seems to indicate that m > k. It is a consequence 
of our results that 


V. Fork > k, at least one of the following two relations is true: 
(i) (k)* = (RA 
(ii) (1) = (32 +2)4. 
Lemma 10 of this paper, essential to the success of the argument, is due to 
S. Chowla. My thanks are due to him for guidance and help in the prepara- 
tion of this paper. 
In the body of the paper we introduce certain conditions A, B, ---, 


G,, G,,---, N. At the end of the paper we show that these conditions are 
actually satisfied. 





3 See, for example, Rao, “On Sums of Sixth Powers”, Jour. London Math. Soc., 1934, 
9, 172; Inder Chowla, “Note on Sums of Sixth Powers”, ibid., 1935, 10, 233; Maitland 
Wright, “On Sums of kth Powers”, ibid., 1935, 10, 94-99; S. Chowla and S. Sastry, “On 
Sums of Powers”, Proc. Indian Acad. Sci., (A), 1935, 1, 534-535. 
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§7. Notation and Lemmas. 


oe 
Bay = : exp (20 “ — m) where (a,¢g) = 
q 2s 
—2m7i7N 
A(q) = A(N, 2, t, g)= P 4 Bag € q 
oe <q 


S(N) = S(N, n, ) = A(N, », t, 9); 
q=1 
S(N) = 7x, 
p 


Xp= 1+ A(p) + AW) + 
t 
M(p/,N,t,) = M(p’, N), the number of solutions of 2 hy” = N(p/) 


v=l 


O0<h,<p (1 >0); p, is the rth prime; 


_. _ §6,+1 forp = p, > 2, 
Fee 10,42 forp =>, = 2, 


where p49 is the highest power of p (= #,) contained in ”; (A) denotes 


the distance of A from the nearest integer; v = - ; d(m) is the number of 


divisors of m. 
= [N.Y + 11; P,= [n’P*”]; R = [P*]; + = [2n31Pq ; 
P aes 3P — 
T= 2 e7iax T, = J emiax : 
xs=1 s=)] 


S= z em aé where the sequence of numbers é will be defined later; 


V=2 emiay where v runs through the values P, P+1, ---,2P—1; 


v 


Vy =z eemiaw"v,” where v, runs through the values R, R+1, ---, 
oR — 1; 

N, ~ No pF < N<Nyic, Gs, G, «++ positive numbers depending 

only on ” ; 
A << B,B >> A, A = O(B), where B is positive, .signify that 

|A| < ¢ B 
The numbers ¢ are less than or equal to P,”, and the number X of 
numbers € between 1 and P,* (both limits inclusive) has the property that 
X >> Pete, There is no danger of confusing this ¢ with that of Lemma 6. 





Vinogradow's Solution of Waring’s Problem 
We define the numbers u« by 


u=& +v"%, 


It is evident that the numbers wu are all different and possess the 
property P* < u < (2P)”. 4,,.(¥) denotes the number of positive integers 


not exceeding x which are expressible as a sum of s uth powers > 0. 
note that the hypothesis 


We 
(A) Hi, n(x) >> =p 
is less drastic than 


(B) tanlt) << 2P. 


since (A) is certainly true if (B) is true but the converse does not hold. 
Lemma‘ 1. 
B, <<¢". 
Lemma 2. 
Z AQ << v~< (a(N)} (t > n + 1). 
q>v 
Lemma 3. 


Let 


0<fO@<}, fH) 20, 
in the intervalg << t<h. Then 


h 
h 
ZY et 2mf(e) silk et 2TH) ge + O(1). 
t>g 


g 
Lemma 4. 


If X be a real but not an integral number and G < H, then 

H : 1 

By g2miax gh ona 

[E | 2(A) 

Lemma 5. For 12>0 
A 
Zz A(p’) 
A=0 
Lemma 6. 


= po e-™ M(p)), 


Let the highest power of p in N be Bu +o (8 >0,0<0 <n). 
Let), = Max (Bn +o +1, Bn +). 


Then A(p’) = 0 for1 > ky. 


Lemma’. Fort >5,p > b = b (n, t), X, > j=» 





4 Lemmas 1, 3, 4 are from Vinogradow’s paper; lemma 2 is lemma 5 of P.N. VI; 
lemmas 5, 6, 7, 8 are from Landau’s Vorlesungen uber Zahlentheorie, Bd. 1, see pages 281, 
284, 286 and 255 respectively. 

A3 


F 
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Lemma 8. If (a,q)= 1, m > 0, r an integer, 
r+m a 
S= Z£_ exp (2m — h”) 
h=r+l1 q 
then for any arbitrary positive e, 


k 
S* << meqgé (m*! + . + mé*-"q) (k = 2#-1) 


By lemma 7 there exists a number 5, depending only on » and #¢, such that 


Xy> 1 —p *(p> b,t > 5). 
Tet ‘P,, --+:, py be the primes < BD. 


If (N, ~,) = 1 for l<s <r it 
follows from lemma 6 that 


1+06, for®?me<cr. 
A(pm’) = 0 for 1 § “g = 
(Pm) 12 + Oy form = 1 
where p,,4” is the highest power of ,, contained in n. 
Hence from lemmas 6 and 5 
2+, = , 
X% = EF AQ) =2 (1 (2482) y¢(99e + 
A=0 9 
1m —(t—1) (1+) 1+6 
Kom (2 <M <1) = EF AlPyd) = 2 VOM by ON). 
It follows that if N=1(Y) where Y = Y{(#, n) 


, N), 


=< 992 +2 ) then X,, > Oforl<gme<r. 


Thus we obtain 
Lemma 9. For every t > 5 there exists a number Y = Y (t, n) such that 
forall N#=1(Y) the singular series 
S(N, n, t) > c 
where c is a positive constant depending only on n and t. 
In particular with ¢ = n+1 we get 
Lemma 10. There exists a number w, depending only on n, such that for 
all N =1 (w), the singular series 
S(N,n,n+1)>c 
where c is a positive constant depending only on n. 
The number w occurring in the definition of V,, = 2 exp (2aiawv,") has 
v 
the same meaning as the w oflemma 10. p = p,, which we shall determine 
later, has the property that H,,,,(%) > > x!p which is true if 


Van (N) - O(N”) 
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where 7;,(N) denotes the number of representations of N as a sum of 
s positive kth powers. 


§2. Investigation of an Integral. 


We consider the integral 


1 
Ix = / TT, V?S?V,, e-270%da 


where, for the interval of integration, we can substitute the interval 
—-Tticgacl—-r. 
For every a in the last interval we have the representation 


a 1 
(I) ee 2 ee eR Se ee: a1 < 5 


We divide this interval into intervals of two classes. In the first class we 
include the intervals with 
a=o +2; (a,g) =1;0<q< Pi; ere = 
in the second class the remaining intervals. If 
A. 2d<l 

we can verify without difficulty that the intervals of the first class do not 
overlap, and they contain all those values of a which may be represented in 
the form (I) with g < P¢. Therefore every a from the intervals of the 
second class may be represented in the form (I) with g > Pz4. 

Corresponding to this division of the interval of integration, the 
integral I, may be represented as a sum of two terms 


Ix — H, + Hg. 
§3. Asymptotical Formula for F,. 
In order to calculate H, we consider the following functions of z 


P 3P 
a att i 
d sai f e2mizx dx : by 5a / e2mizx” dx : 
0 


t) 


2P 2R 
et ‘. n 
ip = / e2tiza dx: bey a / ermiswx dx. 


P R 
Let ¢ run over the set of integers satisfying 
P—yr 


MD, HS 
eee 
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Then we obtain for T, 
q-1 2m ay ) t n 
7 os b> ss" = rT 3 (q + ¢) 
r= ft 
1 Qi 7 4% 


= 2 ¢ K, where 
r=0 


ee _r\t 
K, — enmine” (' + ‘) 
t 
but the function 
A) =\2\ (# +7) 
satisfies in the interval (II) the conditions of lemma 3 provided 
B. n—1l+d<l. 
If this condition is satisfied then by lemma 3, 


P—r 


sage \ 0 
q Qtrisg” (: +! 
é 


K,= q@ dt + O(I). 


-r 


q 
Hence we obtain for T, 


(1) T = Bay + O(y). 
In a similar way we find 

(2) T, = %Bayg + O(9), 

(3) V = PBag + O(9) ; 
and finally 


Te ee Or 
the 2 wr 


Vv, = e + O(9). 


q r==0 


1 


on 
2 exp (201 = 110" ) “= 2 exp (21 “wn” ) +-O(q). 
V1 q qY r=0 q 


Hence 


(4) Vy = fe 2 exp (201 : wry") + O (q). 
V1 
Further 


ami % & 
(5) S = e 7 + O(|z| XP#-) 


—2rrina —2mi % N—277izNo 


) e = 6 g + O(jz| Pa-9) 


Z=P if|[z|<P™ 
(7) al 
zZ=(|z\" if|z| >P* 
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Then we get 
$<<Z2;4<<Z2;4 << Z. 
Therefore by lemma | we see that the main term of the right part of the 
inequalities 
(1), (2), (3), (4), (5), (6) is 
<< ig"; << Ze"; << Ze"; cn BB; ce 3; <a k 
The ratios of the remaining terms to the last values are 
<< Zgt¥4+R1¢g + (2| PO + [z| Pet << PO (1 + |z|P*) 


provided 
Cc. ek 
D azpd+é. 
n 
E. a@¢ (n4-1) (1— 6). 


Hence 
’ TT VV _e27an = FLE,, + O [ZeHgtu4vnyRX2p-9(] + | z|P*)] 


where F,, depends only on z, m, N, and 


2mi * ¥ Qi 2 why," -2Qrri “Nn 
(9) E, = B,,** * q ae * e i 


Da 


“1 


(10) EB, << X*R¢?’, 
/ 
(11) Fy = 8g, yo e27izNyo << Zntl, 


Multiplying by dz and integrating from z7 = — * to z= + : we find 
: bs 
that the part of H, corresponding to the interval with any a and q is 
QwEw +L 


where Q,, depends only on »,Ny. Now 


p-# ql 
(12) L << X*RP-Ogty (/ Patidz + J ad srs) 


p-# 


rf 
“lint 
<< X?RP-Ogi E re oe | 


provided 
F. l<n (4 < P”) 
so 
pe 
z ZI, << X? RPPA-) 
q=l1 a 
provided 
G,. d(l — v) < 6 


i 
“t+ — +a—i-~ft =< ‘4 
jp-0 4p ts } =o (X*RP) 
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div) <1 fn 4140. 


(14) H, = Q,D, + 0 (X®RP), 
p@ 

(15) Dy = 2 2 Ew 
q=l1 a 


where a4 runs through all values not exceeding g and prime to it. 


§4. Estimation of Quy. 
We sum up the equality 
I, =H, +H, 
for all values of N satisfying the condition 
N, - N,P? < N<N,. 
The result of summation of the left side is equal to the number of 
solutions of the inequalities 
(16) N, —N,P8 <x” <N, 
where 
(17) Ny = No — %% — +++ — X%y-—” —u — wu — wr", 
and x runs over the set of values 1, 2, ---, 3P; every x; runs over the set 
1, 2,---,P; mandy, are the values described before, and w’ takes the 
same values as u but independently. 
Now 
N,—N,P-? > N,—(n — 2)P*—2(2P)” + O(P2) —N,P-9> > P*> >N, 
provided 
B @< f. 


Hence the number of solutions of (16) for any given N, is equal to 


N,”— (Ny — NoP-9)” + O(1) >> pe-8 


No 
N,” pd aed 


so the whole number of solutions of (16) is 
>> P*2X2peRprG — X*RPati-O. 
The part of H, corresponding to g = 1 is 
OwX?R 
and its summation for all the above values of N is 
OwX?R{NyP-F + O(1)}. 
When g > 1 by lemma 4 


-l 
E exp (- 2ni 4 N) “es (*) 
N q 2 \q7’ 
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and so by (14) when g > 1, the part of 2 H, corresponding to such q is 
pa 1 

<<|/Q,|M*R 2 gh’2l ow 

eae OG 


a q 


(20) <<|Q,| X?RP2. 


It follows that 
(21) SH, = Q,X?R{N P-9 + O(1) + O(P4)} ~ QyX?RN,P-? 
N 


provided 
J. d<n-—-Q@. 


In the intervals of the second class 


<iiataiatiis ] 
raw: «47 4< 3 


N (a) 


(22) =H, << Pp*-ipp/ x ermilu- wad 
N 


ry uu’ 
<< P*!IRP/PX = P*/XR 
= o(X?RP*+1-9) if 
K. l+o<n — 8. 
Hence 
(23) X*RP*H1-8 < < Q,X*RN,P# + 0(X?RP*#+-9) 
whence 
(24) Qy >> P. 
§5. Estimation of Dy. 
We shall now define the numbers €. Jet ¢ be the set of numbers 


oe : 
not exceeding ae which are sums of » mth powers > 0. ‘Then the set 
of numbers & is defined by € = w*f. It is evident that for any € we have 
&< P,”. Further for X, the number of é’s we obtain 
; (= . >> Plx-iI-p) = Pa-14{7-1)p | 
w 


We set 

(25) o = (n—1)p, i.e, p = — 
then 

(26) X >> Pro. 
We have 

(27) Ey = 2 e e By 


Ne 
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where 
8) N, = N — € — @’ — wv," =N (mod w) 
=1 (mod w) 
Therefore 
pa 
9) Dy» = Z A,(N3) 
e q=1 
= Z {c(N,) + o(1)} >> X2R, 
Ne 
since N, = 1(w) and lemma 10 [we have also used Jemma 2 for ¢=n+ 1 
and the fact that d(N) = O(N®£) for any e > 0j. 
Thus we obtain 


(30) H, >> X?*RP. 
§6. Estimation of Hg. 
We shall now investigate the sum 
2R-1 
Vw = 2 
Vv,;=R 
in an interval of the second class. Every point of such an interval satisfies 
1 
a= “+2,|zI< qerae. 


It follows that 


grmiaw%,” 


2R—1 Qi * wy,” 


- P Rp” 
(31) Vyy 2A! + 0(==-). 


The order term here is O(PA) where 
(32) A =(n+1)a—d-—l, The leading term is 
2R—1 om % 0 
e ¢ where (a’, g') = 

Oy = R 

By lemma 8 the latter sum is 
1 1 
‘i. ee 
<< a ey Rq k4i.R 
a d 1—an 


eee” Fx p kip k 
J— an 
<< nals k ) 


L. d<a,an —l<d,an—I1> 0. 


if 


Set 
(33) °— =8>0. 


Then from the above we obtain 
(34) V~ << (RPe-—5 + PA) << RPe-8 
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M. A<a-—6. 


2Qtri(u—xu’)a 
(35) H, << P*!RPe—8 f z= ¢ de. 


0 uu’ 


<< P*XRPe—8 = o(H,) = 0 (X?PR) 


. 5 an—l 
‘i = 
N. 0 <8(ie, p< —). 





Hence if our conditions A, B, etc., N are satisfied then 
I, = H, + H, = H, [1 + o(])]. 
Putting N = N, [this implies N, =1(mod w)] we get 
(36) I,, >> H, >> X?RP > 0. 
Hence for large N, =1(w) we have 
(37) No = 2" + (4% + +++ + Xn0”) +H* + ye” + E+E 4+ "0," 
= a sum of (3n + 2) nth powers > 0. 
Collecting our conditions we have 
x Meakh B. n-—-l+t+d¢l. cj. &eh 


D a>d+é. E. d< (1-4. F. len. 
G. d{l—v) <0 Gy dL —v) <b —L— wt $0. 
H. 1. J. d<n— 6. K. l+to<n — 8. 
hi a,an —l <d,an—I1> 0. 

ona 


M. =(n+l)a-d—-i<a—-3(8 =“ 7-) N. o <8. 


All our conditions are satisfied by taking (for large 1) 


L. 
yt 


Vv 


V3 Ta. ace ike 
. —— ee 


— 5 ‘ o 
The condition « = non is the same (since a 


1 
Bi Freer 
(38) Hyw(x) >> x = "le — 128%" 
Hence if this condition is satisfied then every large number = 1(mod w), 
Where w depends only on m, is a sum of (3” + 2) nth powers > 0. Our 


result IV is now proved. 
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THE volatile oil from the leaves of Clausena Willdenovit, W. and A. has been 
shown to mainly consist of a-, B- and di-a-clausenan belonging to the furan 
group. The major constituent was a-clausenan. The oil from the leaves 
grown in another locality was found not to contain any a-clausenan but an 
isomeric substance, y-clausenan. As a further supply of a-clausenan in the 
near future seemed doubtful, it seemed desirable to put on record an account 
of the experiments that have been done with the limited quantity available. 


a-Clausenan like some other furan derivatives gave an addition product 
with maleic anhydride, having the composition C,,H,,0O,, white crystalline 
needles melting at 85°. The corresponding acid C,H,,.0,;. 9H,O (m.p. 98°) 
was obtained as white flakes from water. It lost 7H,O at 110° and the remain- 
ing two molecules at 140°. The anhydrous acid melted at 248° and could 
be directly obtained by recrystallising the hydrated acid from absolute 
alcohol or ether. 

a-Clausenan with aqueous mercuric chloride at room temperature gave 
a white crystalline solid which did not melt but merely turned yellow at 180°. 
Its composition was C,9H,,O(HgCl), showing that two molecules of mercuric 
chloride had reacted. 

During oxidation of a-clausenan with an aqueous solution of ferrous 
sulphate, the furan nucleus was not effected. The reaction product consisted 
exclusively of a mixture of a primary and a tertiary alcohol of the same 
formula C,>H,,O2. On acetylation the mixture of alcohols yielded the original 
hydrocarbon a-clausenan and an acetate, the former being formed by de- 
hydration of the tertiary alcohol. Both the alcohols and the acetate gave 


1 Proc. Ind. Acad. Sci., 1934, 1, 184. 
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the Liebermann and the bromine colouration tests* showing the presence 
of the furan nucleus in them. The presence of a grouping R,R,C = CH, is 
indicated in the side chain giving R,R,C(OH)CH; (tertiary alcohol) and 
R,R,CHCH,OH (primary alcohol). This was supported by the formation 
of a ketone C,H,,O, by oxidation with potassium permanganate. The 
ketone gave no solid derivatives but gave the colour reactions. Besides the 
ketone a small quantity of acid was obtained giving an anilide, m.p. 154° 
too small to be identified. 

Dilute nitric acid (d., 1-12) had little action on a-clausenan below 30°. 
With fuming nitric acid in acetic acid solution, a flocculent pale yellow precipi- 
tate was obtained in quantitative yield. It was found to be a nitro-ketone 
C,H,NO, charring at 130°. With formic acid at 0°C. a resinous product 
boiling at 240°/2 mm. was formed, no trace of di-a-clausenan being detected. 
Di-a-clausenan does not combine with maleic anhydride and gives not a 
tetra- but only a di-mercurial. It is reduced by sodium and alcohol unlike 
a-clausenan. ‘The significance of these results will be discussed in a subse- 
quent communication. 

Experimental. 


a-Clausenan used in the following experiments was liberated from ferro- 
cyanic acid addition compound and had the following properties: 433, 
0-9065 ; 22°, 1-4722; (R,)», 46-02. 

Condensation of a-clausenan with maleic anhydride-—Maleic anhydride 
(7-0 g.) dissolved in dry benzene (50 c.c.) was gradually added to a benzene 
solution of a-clausenan (9 g.). The solution gradually warmed up and turned 
yellow. After an hour at laboratory temperature, it was boiled on water- 
bath for two hours, the solution again becoming colourless. The solvent was 
distilled off and the oily residue slowly solidified. It was recrystallized from 
petrol-ether separating as stout needles melting sharply at 85°. It is sparingly 
soluble in cold water but readily dissolved in boiling water and alkalis. 
0-1495 g. required 13-7 c.c. of 0-0885 N alkali giving an equivalent of 123-2 
(calc. 123-0). The condensation anhydride rapidly decolorises a solution of 
bromine in chloroform. But no crystalline addition products of bromine 
could be isolated due to resinification. It is very soluble in most organic 
solvents except petrol-ether in which it is sparingly soluble. 

Hydrolysis of the anhydride.—The anhydride (2 g.) was dissolved in just 
the theoretical quantity of 5 per cent. ice-cold aqueous potassium hydroxide 
and then acidified with ice-cold dilute acetic acid, when an acid (3 g.) separated 
as white flakes which washed with water and dried im vacuo melted at 98°. 





2 Loc. cit. 
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The use of mineral acids and higher temperature gave a resinous product 
which on recrystallisation gave a diminished yield of the pure acid. The 
acid (m.p. 98°; 0-2868 g.) lost water (0-0868 g.) at 110° and further lost 
(0 -0238 g.) at 140° giving an anhydrous acid melting at 248°. The hydrated 
acid (0-1370 g.) required for neutralisation alkali (7-2 c.c. ; 0-0885 N) giving 
an equivalent of 214; C,,H,,O,. 9H,O gives an equivalent of 213. It loses 
7 molecules of water at 110°, the remaining two molecules at 140°. Analysis 
of the anhydrous acid: C, 67-8; H, 5-5; C,,4H,,.O, requires C, 68-3; H, 5-7 
per cent. The acid (0-1297g.) required alkali (9-7 c.c.; 0-0885N) for 
neutralisation an equivalent of 132-4 (calc. 132). The anhydrous acid was 
also obtained by recrystallising the hydrated acid from absolute alcohol or 
ether when it was obtained in soft glistening needles, m.p. 248°. 


Oxidation of a-clausenan with ferrous sulphate; a-clausenyl alcohol.— 
a-Clausenan (23 c.c.) was shaken for 8 hours with a saturated solution of 
ferrous sulphate (70c.c.). The oily layer was removed, dried over magnesium 
sulphate and distilled when it had the following properties: b.p. 88-89°/28 mm.; 
dso, 90-9432; n°, 1-4777; C, 73-0; H, 8-5; C, 9H,,O, requires C, 72-3; 
H, 8-5. This did not form any addition compound with ferro- or ferri-cyanic 
acids but gave the Liebermann’s test and bromine colouration showing the 
presence of the furan ring. The acetyl value was 212 indicating only partial 
acetylation. By Sudborough-Zerewitinoff method’ 0-1376 g. gave 22-4 c.c. 
at 24°C. and 683 mm. showing hydroxyl, 10-6 per cent. C,9H,,O, requires 
10-2 per cent. This indicated that the oxidation product was a mono- 
hydroxylic compound and that the furan ring was intact. On fractionation 
of the product at 28 mm. it was found to be a mixture, the following results - 
being obtained : 


TABLE I. 





30 
do 





--88-5° 0-9430 


| 88-5—89 | 0-9436 


89—89-5 | 00-9443 











By acetylation of the mixture of alcohols and distillation at 30 mm., the 
following fractions were obtained :— 





3 J.C. S., 1904, 85, 933; Ber., 1907, 40, 2023. 
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— 90° 0-9046 1-4730 
90—93 0-9050 1-4732 
93 — 98 0-9319 1- 4682 


98—100 0-9524 1- 4684 














Fractions a and b on distillation over sodium had the following properties : 
b.p. 104°/53 mm. ; d3o, 0-9067; 3°, 1-4722. It combined with ferro-cyanic 
acid and was identical in every respect with a-clausenan. 


Fraction d: Analysis: C, 69-8; H, 7-8; C,.H,,O, requires C, 69-2; 
H, 7-7. On saponification with alcoholic potash it gave an alcohol having 
the following properties : b.p. 89-90°/30 mm. ; 3°, 1-4779; d3o, 0-9441 in 
good agreement with fraction 3, Table I. This primary alcohol has been called 
a-clausenyl alcohol. This could be quantitatively acetylated and gave 
a liquid phthalic ester when treated with phthalic anhydride in benzene 
solution. The re-acetylated product had the following properties : b.p. 98- 
102°/30 mm. ; 3°, 1-4683; d3o, 0-9522. The proportion of the two alcohols 
formed during oxidation with ferrous sulphate varied in different experiments. 
The a-clausenyl alcohol as well as the acetate resinified far more rapidly than 


a-clausenan itself. 


Oxidation of a-clausenan with potassium permanganate.—To a-clausenan 
(10 c.c.) in acetone (100 c.c.) potassium permanganate (20 g.) was gradually 
added in small quantities, the temperature being maintained between 0-5° C. 
The mixture was poured into water and manganese dioxide filtered off. The 
neutral product had the following properties: b.p. 95-96°/55 mm.; 43, 
0-9285; °°, 1-4531; C, 71-2; H, 7-0; CyH,.O, requires C, 72-0; H, 6-7. 
It reacted quantitatively with hydroxylamine, giving a liquid oxime, no 
solid ketonic derivatives being obtained. The filtrate was concentrated 
and acidified when a small quantity of resinous product was obtained. It 
yielded an anilide, m.p. 154° but the quantity available being small it was not 
further investigated. 


Action of nitric acid on a-clausenan.—Dilute nitric acid (d., 1-12) has 
little action at laboratory temperature, tarry products being formed, when 
the temperature was raised. With fuming nitric acid, better results were 
obtained. To a-clausenan (6-4 g.) dissolved in glacial acetic acid (32 c.c.) 
and cooled in a freezing mixture fuming nitric acid (d., 1-52 ; 4c.c.) dissolved 
in glacial acetic acid (20c.c.) was gradually added under vigorous stirring 
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according to Marquis.4 On pouring into water a micro-crystalline yellow solid 
separated (9-0 g.). It is soluble in chloroform, ethyl acetate, acetone, ether, 
benzene and insoluble in petrol-ether and water. It dissolves in alkalis and 
is purified by solution in chloroform and reprecipitation with petrol and then 
chars at 130°C. Analysis: C, 54-9; H, 4-9; N, 7-4; CyH NO, requires 
C, 55-1; H, 4-6; N, 7-2. It formed a semicarbazone which did not melt 
below 350°; N, 21-0; C,9H,,0,N, requires N, 22-22. 

Mercuration of a-clausenan.—To a solution of mercuric chloride (2 g.) 
and sodium acetate (4 g.) in water (50 c.c.) cooled by ice was added a-clausenan 
(1-5 g.) in alcohol (8 c.c.).5 A solid began separating after a few minutes, the 
solution turning slightly red. The oil gradually disappeared after 48 hours. 
The pale-buff coloured precipitate was filtered off and dried and was purified 
by extracting with large quantities of hot acetone. The colourless crystalline 
solid (0-6 g.) thus obtained did not melt but became yellow at 180°. It 
turned black with mineral acids, alkalis and sodium carbonate. Mercury 
was estimated after solution in strong nitric acid and titration against standard 
thiocyanate solution; Hg, 65-4; (CC, 9H,,O.HgCl requires Hg, 52:3, 
C,oH,,O(HgCl), requires Hg, 64-9 thus showing that it was a di-chloro- 
mercury derivative. 

Di-a-Clausenan. 


The product used in the experiments below had the following properties : 
b.p. 188°/7 mm. ; d35, 1-048; 3°, 1-5468. 

Action of fuming nitric acid.—To di-a-clausenan (5 g.) dissolved in glacial 
acetic acid (30 c.c.) cooled in a freezing mixture, a glacial acetic acid (20 c.c.) 
solution of fuming nitric acid (4¢.c.) was gradually added under stirring 
during an hour and then poured over ice. A yellow solid similar to the 
one from a-clausenan separated. It charred at 140° and dissolved in most 
organic solvents except petrol-ether. It was purified by reprecipitating it 
from a chloroform solution ; C, 55-1; H, 5-0; N, 7-4; C,gHigN,O, requires 
C, 55-1; H, 4-6; N. 7-2. 

Mercuration of di-a-clausenan.—To mercuric chloride (4 g.) anc sodium 
acetate (8 g.) dissolved in water (100 c.c.) was added di-a-clausenan (3 g.) in 
alcoholic solution. A solid separated in comparatively poor yield and after 
purification with acetone weighed 0-4 g. A resin was formed as a subsidiary 
product, which could be removed by washing the mercurial with chloroform 
in which the resin was found to be very soluble. The mercurial turned 
yellow at 150°. Analysis: Hg, 53-7; C.9H..O.(HgCl), requires Hg, 52-4. 





4 Ann. Chem. Phys., 1905, 4(viii), 196. 
5 J. Amer. Chem. Soc., 1933, 55, 3303. 
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Di-a-clausenan showed no tendency to combine with maleic anhydride. 
Unlike a-clausenan it could be reduced by sodium and ethyl alcohol, a product 
having the following properties being obtained: b.p. 100—-101°/4 mm. ; do, 
0-9354; 23°, 1-4906. 

Summary. 

The condensation product of a-clausenan and maleic anhydride and the 
corresponding acid have been described. Di-chloromercury derivatives 
have been prepared both from a-clausenan and di-a-clausenan. By oxidation 
with ferrous sulphate, a primary alcohol (a-clausenyl alcohol, C,9H,,O,) is 
formed along with an isomeric tertiary alcohol which is easily dehydrated to 
a-clausenan. ‘Two positions, one of which is a, appear to be free in the furan 
nucleus of a-clausenan. The formation of a ketone C,H,,O, and a nitro- 
ketone Cs,H,NO, from it indicates the presence of a terminal methylene 


group. 
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IN continuation of the work on the reduction of the —CHOH. CCI, group, the 
condensation products of chloral with mono-methyl, mono-ethyl, dimethyl 
and diethyl anilines! were reduced with zinc and acetic acid. The condensa- 
tion product of chloral with methyl-benzyl-aniline which is new, was also 
reduced. The reduction products were found to contain the group -CH,CHCI,. 
The nitroso-derivatives of the mono-alkyl products were reduced to the 
corresponding hydrazines. 


Experimental. 


Preparation of the chloral condensation products.—Bossneck’s method? was 
modified in that the bases were kept with chloral at room temperature for 
36 hours, or were heated at 50° for 10-15 hours ; the condensation product 
was isolated as the hydrochloride. The free base was obtained by treating 
the hydrochloride with ammonia. 


Reduction of the condensation products.—-The base suspended in glacial 
acetic acid was treated with zinc dust below 50°. The reduction product 
separated from the filtered reaction mixture on dilution. A further yield of 
the reduction product was obtained by washing the residual mixture of zinc 
acetate and zinc dust with water, and then extracting the reduction product 
from the zinc residue with alcohol. The condensation products from diethyl 
and methyl-benzyl-anilines were reduced in the form of their hydrochlorides. 
The filtrate from the reaction mixture was then diluted and treated with 
ammonia, and the oil which separated, extracted with ether. 


p-(BB-dichloro-ethyl)-mono-methyl-aniline, CH,;HNC,H,CH,CHCIl,, sepa- 
rated from alcohol or acetic acid in needles m.p. 77°. (Found : Cl, 34-7%; 
C,H,,N.Cl, requires Cl, 34-8%.) 





1 Bossneck, Ber., 1885, 18, 1519; 1886, 19, 368; 1887, 20, 3193; 1888, 21, 782, 783. 
2 Loc. cit. 
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The benzoyl derivative crystallised from dilute alcohol in needles, m.p. 130°. 
(Found : Cl, 23-0% ; CygH,,ON.Cl, requires Cl, 23 -0%.) 

p-(BB-dichloro-ethyl)-mono-ethyl-aniline, C,HsHN.C,H,.CH;.CHCl, sepa- 
rated from dilute acetic acid in plates, m.p. 73°. (Found: Cl, 32-4%; 
CyoHigN.Cl, requires Cl, 32 -6%.) 

The benzoyl derivative crystallised from alcohol in plates, m.p. 75°. 
(Found: Cl, 21-9%; C,,H,,ON.Cl, requires Cl, 22-0%.) 

p-(BB-dichloro-ethyl)-dimethyl-aniline, (CH 3),NC,Hy.CH,.CHCl, crystal- 
lised from dilute acetic acid in feathery leaflets, m.p. 76°. (Found: Cl, 
32-79%; CypHisN.Cl, requires Cl, 32-6%.) 

The picrate crystallised from alcohol in needles, m.p. 138°. [Found : 
picric acid 50-5°%%; calculated for (CygH,gsNCI,) {CsH,(OH)(NO,)3}, 51 -2%.} 

p-(BB-dichloro-ethyl)-diethyl-aniline, (CzH5)2N.CyH,.CH,.CHCl, is an oil. 
The picrate separated from CCl, in leaflets, m.p. 140°. [Found: picric acid, 
58-9 %; calculated for (C,.H,7,N.Cl,).{C,H,(OH)(NOz)3}3, 58-3 %. [Found : 
Cl, 12-2 %; (CyeH,,N.Cl,)o{CgH.(OH)(NO,)3}, requires Cl, 12-0 %.] 

p-(BBB-trichloro-a-ethylol)-methyl-benzyl-aniline hydrochloride a ot > 

6 5 2 

N.C,Hs,CHOHCCI,.HCI crystallised from alcohol acidified with HCl; 
decomp. 150°. 


The base crystallised from alcohol in plates m.p. 85° with decomposition. 
(Found : Cl, 31-09%; CygH,gON.Cl, requires Cl, 30-9%.) 


p-(BB-dichloro-ethyl)-methyl-benzyl-anilinec wy €y°> N.C.H,. CH,. CHCl, 


isan oil. The picrate crystallised from CCl in plates, m.p. 132°. [Found: 
picric acid 51-6%; calculated for (C,¢H,;N.Cl,)s{C.H2(OH) (NO,)5},, 50-9 %.] 


The nitroso-derivative of  p-( BB-dichloro-ethyl )-mono-methyl-aniline, 
CH,(NO)NC,H,CH,CHCl, separated when a mixture of p-(B8-dichloro- 
ethyl)-mono-methyl-aniline (2 yg.) in alcohol and sodium nitrite (3 g.) in water 
was treated at 0° with dilute HCl; yield 2 g. ; (87 % theory). It crystallised 
from alcohol in clusters of needles, m.p. 87°. (Found: Cl, 30-3%; 
C,H, ON,Cl, requires Cl, 30-5 %.) 


Nitroso-derivative of p-(BB-dichloro-ethyl)-mono-ethyl-aniline C,H,NON.- 
C,H, CH, CHCl. ‘ 

A mixture of -(88-dichloro-ethyl)-mono-ethyl-aniline (2 g.) in alcohol 
and sodium nitrite (3 g.) in water was treated at 0° with dilute HCl, and the 





3 Cf. Houben Weyl: Die Arbeiten der Methodischen die Chemie, Vol. I, p. 218. 
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nitroso-derivative extracted with ether. It crystallised from alcohol in 
needles, m.p. 50°; yield 2g. (Found: Cl, 28-7%; C,9H,,ON;.Cl, requires Cl, 
28 -8% ) 


a-methyl-a-p-(BB-dichloro-ethyl-phenyl)-hydrazine hydrochloride, 
CH _ 
NH,” 


Reduction of the nitroso-derivative, > N.C,H,CH,CHCIl,. 


N.C,H,.CH_.CHCly.HCl. 


The nitroso-derivative (2 g.) suspended in alcohol (14 g.) and acetic acid 
50°, (8 g.) was shaken with zinc dust (5 g.) for 3 hours at 15°. The filtrate 
was diluted, neutralised with ammonia, and extracted with ether ; hydrogen 
chloride was passed through the ether extract, when the hydrochloride 
separated ; it crystallised in plates from dilute alcohol acidified with HCI. 
(Found: Cl, 41-5% ; CoH,sNe.Cl, requires Cl, 41-7%.) 

a-ethyl-a-p-(BB-dichloro-ethyl-phenyl)-hydrazine hydrochloride, 
NEON Colle CH,. CHCl,.HCI. 


Reduction of the nitroso-derivative Colles N.C,H,. CH,. CHCl,. 


The nitroso-derivative (2 g.) suspended in alcohol (14 g.) and acetic acid 
50 % (8 g.) was reduced with zinc dust (5 g.) in the same way as the corres- 
ponding mono-methyl compound. The hydrazine hydrochloride crystal- 
lised in feathery plates from dilute alcohol acidified with HCl. (Found: 
Cl, 39-6°%; CyoHy,N2Cl,; requires Cl, 39-8%.) 
a-methyl-a-p-(BB-dichloro-ethyl-phenyl)-hydrazone of benzaldehyde 
CH3_ 
CHR: 8 
the hydrazine hydrochloride (2 g.) and benzaldehyde (1 g.) with dilute acetic 
acid. It crystallised from dilute alcohol in plates, m.p. 150°. (Found: 
Cl, 23-1%; CygHigN.Cl, requires Cl, 23-1%.) 


N.C,H,. CH,. CHCl, was obtained by treating a mixture of 


a-methyl-a-p-(BB-dichloro-ethyl-phenyl)-hydrazone of glucose 
CH; 
CH:N 

(CHOH), 

CH,OH 
Ammonia was added to the hydrazine hydrochloride (1 g.) and the free hase 
extracted with ether ; glucose (-7 g.) was added to the ethereal solution ; the 
residue from the ethereal solution was crystallised from alcohol when plates 


> N.C,H,. CHy. CHCh. 
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m.p. 165° were obtained. (Found: Cl, 18-5%; C,;H..0;N,Cl, requires Cl, 
18-6 %.) 
a-ethyl-a-p-(BB-dichloro-ethyl-phenyl)-hydrazone of benzaldehyde, 


C,H 
C,H,CH » N> N-Cola- CH: CHCl, 


prepared in the same way as the corresponding mono-methyl compound 


crystallised from alcohol in plates, m.p. 110°. (Found: Cl, 22-0%; 
C,7H,sN2.Cl, requires Cl, 22-1%.) 
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1. Introductory. 


THE hypothesis, say H, that two samples of observations of a single variable 
have been drawn from the same population may be tested in a variety of 
ways. If there are strong grounds for believing that the populations 
sampled are approximately normal, then the only possible difference of 
importance will he between their means a, and a, or standard deviations 
o, and a, ;,it is customary, therefore, to test separately for the significance 
of differences between (1) the sample variances o, and a, and (2) the sample 
means a, and as. If, however, both tests are on the border line of signifi- 
cance it may be difficult to decide what conclusions to draw; for this and 
other reasons there appear to be certain advantages in the availability of a 
single comprehensive test of the hypothesis of a common origin for the two 
samples. Such tests are frequently applied in statistical analysis ; if the 
two samples contain many observations the hypothesis may be tested by 
applying the X? test to the two series of grouped frequencies and so obtain- 
ing a single criterion to judge the probability of H. Again when a number 
of samples are available and it is wished to test whether the means in the 
several sampled populations are identical, a single test (whether in z or 7? 
form) is applied rather than a separate test for each pair of samples. 

J. Neyman and E. S. Pearson have discussed the use of such compre- 
hensive tests in a number of problems. They have pointed out that in 
comparing two alternative tests they should in the first place be made 
equivalent, that is to say, adjusted so that in both cases the risk of rejection 
of H when it is true is the same ; consideration should then be given to the 
relative efficiency of the two tests in rejecting the hypothesis when some 
alternative is true. They have shown that in certain cases there is a single 
test associated with a best critical region which is more efficient than any 
other from this last point of view.! In other cases no test with a best 
critical region common for all alternative hypotheses exists, but they have 





1 Phil. Trans. Roy. Society, Series A, 1933, 231. 
584 




















le 











A Contribution to the Problem of Two Samples 585 


suggested the use of the principle of likelihood in picking out a test that 
may be described as associated with a good critical region.” 

In the present problem they have suggested the use of a test® based on 
a criterion I, defined below. The main object of this paper is to discuss the 
derivation and use of Tables of 5% and 1% probability levels for this 
criterion, but as a preliminary point it is of interest partly on theoretical 
grounds to compare this form of test with two alternative comprehensive 
tests of the same hypothesis. 


2. Comparison of L, test with two alternative two-sample tests. 


If two samples of size n, and m, have been drawn randomly from two 
normal populations, then we may use as criteria to test separately the 
significance of the difference (1) between variances and (2) between means 


2 
N,S;" 
i “t= — =) 2 oe oe oe o- oa (1) 
N1S1" + NeSo 
S te ie SS (2) 
V 1S," + M959” N, + Ne 
where x, and x, are the means of two samples and 
Ny Ne 
ms? = Z (x; — a)*; mst= 2 (x; — «,)? 
i=1 t=] 


If the population variances are the same, then the sampling distribution 
of u is 

f,(u) =constant #—-)—! y)ivz— U1 - ase 
If both the population means and variances are the same and we write 
mtn, = N 





4 
£2 : 
f(t) in constant (1 + N3) “ss Be -» (4) 
Neyman and Pearson’s criterion is 
2 2no my ite 
N N D 
a a (*) (3) ek eee (5) 
So So > 2 (1 4s “5) Me 
(7m) (ans) N—2 
N — 
2 (xj- 0)? - 
where 5s,” = lt. %, being the mean of the combined sample of 


N=n, -++ n, observations. 





2 Biometrika, 20A, pp. 175-240 and 264-294. 
8 On the Problem of Two Samples (1930); On the Problem of k Samples (1931); 
Bulletin de L’academie Polonaise des Sciences, Series A, Sciences Mathematiques. 
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Fig. 1 is a diagram having co-ordinate axes ¢ and u. The oval contour 
represents a member of (5) for which m, = m, = 15 and L = -8028, which 
has been so chosen that the chance is -05 of a point (#, «) falling outside 
the curve, if the hypothesis H is true. That is to say, if in drawing a 
sample of 15 from each of two normal populations, it is decided to reject H 
whenever the point (#, «) falls outside this contour, we shall reject H when 
in fact the populations have the same mean and standard deviations, 


5 times in 100. 





ALTERNATIVE CRITICAL REGIONS OUTLYING OBSERVATIONS AT 
FOR TWO-SAMPLE TEST. (i) ts 410, Ui, 
(CASE N,* N,* 15) *(2) t+ 446, U+87, 




















SPOTS REPRESENT 100 PAIRS 
OF RANDOM SAMPLES, WHEN: 
— L CONTOUR © ALTERNATIVE A TRUE. 
—--- P= pxp, CONTOUR @ ALTERNATIVE B TRUE. 


RECTANGLE 1S (t,u) CONTOUR 











We may now use two further alternative contours : 


(1) Decide to reject H unless both u, < u < um, andi, < t < be, t.e., reject 
H when (¢, #) lies outside a rectangle such as that shown in the figure. To 
make the test equivalent to the previous one, the limits must be chosen so 
that only 5% of possible sample points fall outside the rectangle if H be 
true. There will be an infinite number of ways of choosing these limits ; in 
the present instance the limits for « and ¢ are chosen in such a way that the 
chance of rejection of the hypothesis H, when it is true, is equal to the 
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chance of rejection of H, when it is true.4 If e denotes this chance of 
rejection, then it follows that the chance of falling inside the rectangle is 
.95 = (1 — ¢)*, sothat e = -02532. 

(2) A third alternative test may be obtained on the lines suggested by 
R. A. Fisher’ and K. Pearson.* If we write for the case m, = mq 


t= fhwdu itu<d | 


A = I filed ifu> 4 | 


and t | 
ph, = J falt)at ift < 0 
a | 


co H 
pb. = f filt)dt ift > 0 
: 
the criterion suggested is 
P = p, X fro es o% o or (8) 
The region of rejection is that for which P is less than some specified value. 
The contour in the (¢, «) field equivalent to that determined in the other 
two tests can be readily found from (8) on substituting for P its 5% point 
given by 
Pog = 6 2X os = +0087. 
It is drawn as a dotted curve in the figure and differs in the present instance, 
when ™, = Mg, only slightly from the I, contour. It is likely that when 
m, + Mm, the two contours may differ much more but the case is not consi- 
dered in this paper. 

Having now obtained these equivalent contours associated with the use 
of these three criteria, it is of interest to consider their relative efficiency in 
rejecting the hypothesis H when the populations sampled are in fact 
different. 

Since it can be shown’ that there can be in this case no best critical 
region common for all alternatives to H, it may be expected that for some 





4 The hypotheses H, and Hz» are identical with those considered by Neyman and Pearson 
in their paper “On the Problem of Two Samples”. Hy, is the hypothesis that the samples 
have come from some two normal populations with a common variance and Hz» is the hypo- 
thesis that the samples have come from populations with a common mean, it being assumed 
that the populations have the same variance. 

5 Statistical Methods for Research Workers, Fourth Edition, p. 97. 

® Biometrika, 1933, 25, p. 379. 

7 The author has succeeded in proving this rigorously but as the proof extends over 
several pages it is not given here. 
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alternatives one criterion will be more efficient, for other alternatives 
a second and soon. That this is the case is shown in the diagram, where 
results are given for two series of samplings from populations not satisfying 
the conditions of the hypothesis. 


Population 1 Population 2 
Alternative A. 
Mean ~ * 0-0 7-25 
S.D. ba 10-0 5-75 
Alternative B. 
Mean - 0-0 0-0 
$.D on 10-0 5-75 


100 pairs of samples of 15 were drawn in each case and the points (f, u) 
were plotted. It will be seen that the oval contours contain less circles and 
more dots than the rectangle. This means that while the I, test and also 
the (P = ~, x pz.) test are more likely than the (#, «) test to detect the fact 
that the sampled populations are different when these populations are as in 
A, the reverse is the case when the two populations are asin B. It is clear 
that there is here a matter for further theoretical investigation and the 
problem for the moment may be left with two questions. If there is no test 
with a common best critical region for all alternative hypotheses, on what 
principle cau we choose from among other possible alternative tests? Will 
this principle be found to lead to the likelihood or IL, criterion, which in 
many problems already considered appears at any rate to satisfy our 
intuitional requirements ? 


3. The Distribution of L. 


Suppose that the samples 2,, 2, have been drawn at random from some 
normal populations with means a, and a, and standard deviations o, and o, 
respectively. If the hypothesis that 2, and Z, belong to the same normal 
populations be true then they must have been drawn from a common 
population with mean = a and standard deviation = o ; and we know that 
the frequency function for the simultaneous variations in x,, x, s, and Ss, is 
given by 


a ie my ma-® any (240)? + nada)? + sy? +1980" 
{%1, %2, Si, 52} = const. (s,) (Sz) é 202 
(9) 


My aim will be to transform the variables and integrate for certain of them 
until we are left with the frequency function of two variables in terms of 
which the value of I, can be expressed. Substituting first 


Xe’ = X% —aand (= %, — x, ee ee ee ee (10) 
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we obtain the probability law of x,’, f, s, and s, 


f oe — e n.-2 n-2 _ 1517 + 252? x 
{%_', [, $1, Se} = const. (s,)"1~* (sg)"27? e~ 352 


os: =, mo 7 MNe yo ; 
5-3) (n, +. i. wane Pn. 
e 23 \! 1 + Me) E re | + nt 
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. (1) 


Integrating with respect to x,’ between the limits — co and + oo and 











substituting 
2 az MS + MaSs" Mma ys 
. N, + Ne (ny + M2)? 
we obtain 
oe 2-8 < My Me $0? 
S{So. Sy) So} = const (C1 ata at a RO 
o> > “3 ‘ ' 2)" it 
ny i= +2 2( £2 | 
| sites 
N, + Ne | 


Lastly putting s, = s, x and s = sy 
and integrating for s, between the limits 0 and oo, we get 
__(x)"1-* (y)te* 


1 447 + ney? 
Ny + Ne 


f{x, vy} = const. 


It follows from (5) and (14) that 
2n, 2 
L, = (x) % (y) * 
Whence we obtain 








f{x, L,}, = const. —— 





Therefore 


xe —1) , 
ee AX 


SF 2n, +2 N 
Ne™ 7 — 1x" — mgI,"? 


where a, b denote the real roots of 
2n1 2iy +2 N 
Nx "2 — mx "2 — n,J,"2? = 0 


When n, = nz, = n, equation (18) may be written as 


by ae amet HT el 
J(L) = const. ! Ve 





f(L.) = const. 1? ~ ding ~ 





a) (BF — 22) 





. (12) 


. (13) 


. (16) 


. (17) 


.. (18) 


. (19) 
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where a and 0 are now given by 


a= 1 {viel - vi=T} | 


and b= J 5 {vith + vi=1} | 


On substituting x2 = a? cos*f + 0? sin*d we a ~- (22) 
n (20) and using (21) we obtain 





fl) - = const. -— 


——— 

esi wep. a . (23) 
I=) 
1+L 


It will be noticed that the integral in pari (23) is an elliptic 














1—L 
integral of the first order with modulus equal to : : ? ay 7 The 
(1+ Vign) 
modulus appears to be very complex. I shall therefore try to connect this 
elliptic integral with another having a simple modulus. 





Denote / = by small k. Then the elliptic integral can be written as 








8 ha xs ie .. (24) 
fs V/1 — er sin’ 
Substituting in (24) 
26 = 8 + sin” (R sin 6) We hs es oo 
we have 
~ dd z dé 
ay | a ea 2 
/ v1- (esa sin’$ arn ; a — 


the latter being the elliptic integral with modulus k. Hence on evaluating 
the constant, (23) may be written as, 


4T(mn—3) TS) wee Fa 
al(n — yI(>) V1+L/ “1 — R sin?@ 
2 








fl) = - (27) 


where 





1-L 
KA = . 
1+L 
This expression for the distribution of I, is more simple and elegant than the 
one given in equation (23). It is of considerable interest to see how this 
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form can readily be obtained by using relation (5) which may be written as 





L=Lxtkh ai se re dar i ae 
y M1 Ne 
Hire lee i - * ss re .. (29) 
(72) - (1) ” : 
#2 \-1 , 
and I4=(1 a <3) . ts ee oe e-* ee (30) 


For this purpose it is essential to obtain the distribution of Iy, which can 
be easily done as follows : ; 
The probability law of s,? and s,? is given by 


ny —3 N»—3 


fis}, s2"} = const. (s,?) . (s2?) eo 9 


Substituting 


%, Sy _ , > & . oa : 
af % = 1008 8: [SS = rsin 8 .. (32) 


and integrating w.r.t. r between the limits 0 and oo we obtain 


f(B) = const. (cos B)1~* (sin B)”2* vs en .. (33) 
It follows from (29) and (32) that 





— 5h (1451?+22527) e (31) 


1 
1, = {com ae m ‘s .. (34) 


n,"1 Ng"2 








On substituting (34) in (33) we get 
N_ 

f(In) = const. L,? {sin B cos B (n, cos? B — m sin? B)}!.. (35) 
where 8 may be written in terms of I, from (34). When m = mg, (35) 
may be written on evaluating the constant, as 

oy ( % ) n 
2 ——|l 
fu) « a (1,2)? (h— L,*)+ ee .. (36) 
PCS) FG) 

It will be noticed that L,? is distributed in Pearson typeI curve. 
This distribution has been recently deduced independently by Mr. Nayer 
from the distribution of u by using relation (29).8 

The distribution of L, which can be easily deduced from the ¢ 
distribution by using (30) is'given by 

I'(n — 3) 


f(Le) = Ta—) Ir (Ivg)”* (1 ail L,)+ ee ee ee (37) 





8‘ Practical Application of Neyman and Pearson’s Lj, test.’ Thesis for the degree 
of M.Sc. in the University of London, 1934. 





592 P. V. Sukhatme 


It follows from (28) that the distribution of L, will be that of L, I; 

From (36) and (37) we get 
2rG =) I'(n—}4) 
a (=) P(n—1) 





fu Ih) = Ly"? (1— Iy*)-# Ly? (1— T4)# (38) 


Substituting 1, = 5 in (38) and integrating w.r.t. L, between the limits 
2 


I, and 1, we have 
4 T(m—-3)T) Lv 
™ P(n—1) P(t) VItL 


where K represents the elliptic integral 


fl) = 





T 


dé 


V1—# sin? 
It will be noticed that (39) and (27) are identical. 
4. Methods of Evaluating the Probability Integral of 1. 
(a) The general case. 


To calculate the probability that I, exceeds a given value 


necessary to integrate (15) so that 
2, 222 
‘NN 
(x) (vy) D>1g and n,x*+n,y?<N 


Solving for y we get y= as the upper limit of y 


and y= a 4) 2" the lower limit of y. 


If the corresponding roots of x be denoted by 0 and a then 
b N— 1x? 
Vv —" 


P(L > Ii) => VN . ax 


| (& =) 


2*,7* 4 ‘ee 
VN — 1,x* — ney 





ens dy 











9) 


is 
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where 
n,—l1 ast (St) 
C 4(n,) 2 (m) ? oi oe 
Ny + 2-2 n,— 1 N,—1 
T(h) (+m) 2 r( 2 r( 2 
Substituting 
_ Ema 
y= [R= 
we obtain 
b 1 


N may Mey 
p(l, > Le) = 5,/~ (N— n,x?)? wf é= (1-—é7dé.. 
2(H2) . : 








é:1 
where 
N\ 2 
tai 13%: : No 
. ny N—1,x? 
xn" 


Substituting further 


yeas 
1 p2 
4 re) N ,-3 n2—l i 
PL >In) = —= ee er n 2 (1l—m) ? dy 
7 CE ee) 
1 — 
, [é (1—£)+ dé 
e 


& 
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. (43) 


. (44) 


(45) 


. (46) 


. (47) 


which can be evaluated on using the Tables of the Incomplete Beta 


Function.?® 


(b) Case ny = Ng. 


The simple method of quadrature may be used with advantage when 
= Mm, =n. The main difficulty is the evaluation of the ordinates of 
L-frequency curve. Equation (39) shows that this depends on the 


evaluation of the elliptic integral K. 





® Edited by Karl Pearson. 
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There are several Tables in use of the elliptic integrals. The Tables!® 
by L. M. Milne Thomson, particularly, suit here well. In these Tables the 
values of K are given for all values of k? differing by -01. Interpolation 
into the Tables, however, becomes more and more difficult as ? increases, 
In such cases, the following method of evaluating K was adopted :— 


Let wad eat .. (48) 
then the nome q is given by 

g =e + 2e5+ 15e® + 150€!? + 170717 + 20910e74 +.... .. (49) 
The series (49) enables us to calculate the value of g, corresponding to the 
desired value of k*. By means of these values of g the function 

S=1+ 29+ 2¢+.... = vi - -- (50) 


was calculated. The value of K is then easily obtained by multiplying 3? 
by + ; 


(c) An approximate method. 


This method, suggested by Neyman and Pearson in their paper, consists 
in assuming Pearson type I curve to represent the probability law of 
L, and obtaining the probability integral from the Tables of the Incomplete 
Beta Function. ‘That is to say 


_ Fim +ms) ym +4 a 
fl) = T(m,)T (mg) 1:1 (1— L)”2 os - .. (51) 


represents the probability law of L, where the values of m, and mz, are 
given by 

m= Ha (4 =H) (1 = Hy’) hw Ha") a .. (52) 

Ha — Pa i 
p,’ and p,’ being the first two moment coefficients of L about zero. It 
was, however, found inthe present case that the values of m, differed only 
very slightly from unity and consequently the‘lower 5% and 1% values of 
L, were immediately available from the following relations : 
- : a 
L,% = (-05)"1 and L,% = (-01)" os “a .. (53) 
The lower limits are used because the criterion I, is of such form that 

the hypothesis tested becomes less and less likely as I, decreases from 
1 towards 0. 


, Mm = 





10 Proceedings of the London Mathematical Society, 33. 
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5. The Calculation of the Tables and an Illustration of their Use. 


Before using these simple relations in forming the Tables it was essen- 
tial to examine the approximations involved. This was accomplished by 
comparing the values of L,% and L,% at (1) m = m, = 5, 12, 20, 60 and 
(2) m, = 5, m, = 15, found by using (53) with those obtained by using the 
exact methods (a) and (6). The agreement between the two sets of values 
of L, was found exact to three decimal places. Consequently the relation 
(53) was employed in forming the Tables. Tables I and II give these 
values for a number of different values of m, and m,. Interpolation into the 
Tables for any pair of values of m, and m, less than 120 willbe found fairly 
easy. 

When either ”, or m, exceeds 120, the percentage values of L can be 
obtained from the Tables of X?. It has been shown by Neyman and 


N 
Pearson that if m, and m, are sufficiently large and we write L? = e#X?, 
then the frequency distribution of x is given by 

f(X) — x etx oe oe - me .. (54) 


It follows that for large values of m, and ”,, approximations to the probabi- 
lity integral of L can be obtained from the Tables of the X? integral. 
Using Fisher’s Tables of X?, we find that the 5% and 1% values of xX? for two 
degrees of freedom are 5-991 and 9-210 respectively. Hence we get 
— 5-991 —_9-210 
L.g5 == € m+" andl. =e "1" ee ee + (55) 
On comparing the values of L, obtained by this method with the exact 
ones, it was found that when , and m, both exceeded 70 the agreement was 
excellent and differed only in the fourth place. The agreement, however, 
begins to fall off if the two samples are extremely unequal in size but it is 
very rarely that we may have to test two samples when one of them is 
thrice as large or larger than the other. I conclude therefore that if the 
average size of the two samples is sufficiently large and both the samples 
are of about the same size then L.,, and 1.9, can be obtained by direct use 
of relation (55). 
One very interesting point comes out of the above discussion. Equation 
(55) shows that the value of L, does not depend on the values of m, and n, 
individually but on m, + m2, or put in another way, on the average size of 
sample. This means that whatever be m, and mz, so long as they are large 
and not very unequal, the sampling distribution of L, is that which would 
be obtained if m, and , were both equal to their average value 4 (m,+ m4). 
The importance of this result is considerably enhanced by the fact that it is 
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easily generalised for the problem of k samples and is ais alike to all 
the three criteria L,, L, and Ly. 


EXAMPLE: ‘Two samples of skulls containing 15 and 13 individuals 
respectively give the following value for the mean and the standard devia- 
tion of the Cephalic Index. It is wished to test whether these two samples 
come from populations with a common Cephalic Index. 


Sample (1) 1, = 15; %, = 76-4067; s,2 = 6-6806 
Sample (2) nm. = 13; %,. = 73-7077; s.2 = 6-9238 
Substituting these values in 
- NS, + NoSo" Nig “ae 
sf = + —X»)* 
a Ny, + Me "(my + Mg)? (4% —%) 
we obtain 
° Ss 2 Ss 2 
8-6053; —; = -7763; and = = -8046. 
S s 


0 0 


‘ 2 2 

oe) + Soe) 

3 (1-89003) + 32 (1-90558) = 1-89725 
we have IL = -789. 

Now to obtain the L.,; we shall have to interpolate into the Table II for 
m, = 15 and m, = 13. We have from the column headed », = 15 
Ne Log 81.95 

20 -830 
15-803 5 
12 -781 4 
10-763 


Since 


The values 20, 15, 12 and 10 are in harmonic progression. Taking w=60/n, 
as the new argument the value of « corresponding to m, = 20, 15, 12 and 10 
becomes 3, 4, 5 and 6 respectively and the problem reduces to interpolating 
for uw = $3 = 4-6154 from the Table above which gives the values of Lo, 
corresponding to equidistant values of uw. Actually on using Everett’s 
simplified formula for interpolation it is found that L.., = -788. The 
observed value is therefore very near to the 5% level. Since this is some- 
what exceptional we shall do well to enquire whether the significance is due 
to difference in means or standard deviations of the populations. This 
leads us to apply the ¢ and z tests. On using these it is found? = 2-633 
and z = -0234, while the corresponding 5% values are 2-056 and -4649 
respectively. The value of ¢ is thus definitely significant while that of z is 
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not, suggesting thereby that it was very unlikely that the two series 
of skulls came from populations with a common mean Cephalic Index. 


6. Sensitiveness of 1, Test when applied to Non-Normal Data. 


It will be recalled that the application of L test presupposes that the 
samples are drawn from some normal population. Actually, however, we 
may sometimes deal with non-normal data and consequently it is necessary 
to know whether our test becomes invalid in this case. 

There are two ways in which the I, test may become invalid when the 
variation is non-normal. 

(a) It will cease to be the most appropriate test. 

(b) Its sampling distribution will no longer have the form given in 
equation (18). 

It is difficult to measure the precise effect of (a) and (b) ; for, the task 
of devising tests appropriate to every possible form of non-normal variation 
and constructing the tables is an impossible one. It is possible, however, to 
obtain experimentally some idea regarding the validity of IL, test when 
applied to non-normal data. This could be accomplished by testing the 
goodness of fit of the I, distribution for samples drawn from a series 
of non-normal populations. Table III gives the types of populations which 
have been considered. The types have been represented by curves of the 


Pearson system. 
TABLE III. 





| 


: Standard devia- 
o ee 
Population | B, Bp. tion in terms of 
curves ‘ f 
grouping unit 





Type II 0 | 2-5 | 632 
Type VII 0 4-1 5-67 
Type III 0-2 | 3-3 5-00 
Type I 1-0 | 3-8 12-37 














The results of sampling carried out from these populations were kindly 
given to me by Dr. E. S. Pearson. It will be seen from the Table that one 
of the four populations is very skew, one is very leptokurtic while the 
remaining two are moderately non-normal. 

Tables IV and V compare the observed distributions of L, obtained from 
these experimental populations with the expected values calculated from the 
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TABLE IV. 


nN, =10; n, =20. 





Normal ‘Theory Frequencies in Samples from Experimental Populations 


Limits of L ; 
Limits Frequencies 





(0-0, 2+5) | (0-0, 4+1) (0-2, 33) | (1-0, 3-8) 





25 
23 - 
¢ 18: 
-96— - 17- 
*95— -96 15- 
4... « 


31 26 25 30 
25 15 18 17 
19 18 21 
22 12 22 
17 19 19 
11 6 11 
14 

8 
11 
12 
3 

9 


a 
ke Co 


-99 


~ 
S 


Mm « 
Siem + 
-88— - 
-87— - 
-86— - 
nei 
Sin 
.83— + 
88 -8! 
-8l— - 
en * 
ih. « 
Min. + 
i 
-76— - 
. 
re 
-73— ° 


°te 


a 
| ae 
Less than - 


~ 
~ 


——_ 
— 
bo 


_ 
co 

oO 

—_ 
_ 
— 


wt 


~ 
bo 


SS Wee ee ee Se Sm 
7 © 
came esis aint all 


= 
SBR ROOF WN RONDO OWOSSO 


bat et et pet ed DO DD DO CO CO & Ot StS 3 OC 
CrP rPODNWOS HM WD WH Or WO HH © “1 “1 © lO “1 Go bo SOW OS 





i | 
kt bo Co Go bo Go Go & bo bo OLD 
DWN FPN FENN KE RO WON CNR A 


i 


—- 





co 
@bhore- 


























Totals 200 200 
Mean L . -9161 . +9078 
C1 : -0769 : -0860 
x’ - 30°7 54-0 
P(x?) oe . -0025 : - 000004 

















law (27). The number of pairs of samples used are 200 when the sizes of 
two samples are 10 and 20 and also when they are each equal to 20. In the 
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TABLE V. 


Ny = N= 20. 





Frequencies in Samples from Experimental Populations 
Normal Theory 


Limits of L Frequencies 





(0-0, 2+5) (0-0, 41) (0-2, 3-3) (1-0, 3-8) 
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Totals 200 200 200 200 
Mean L -9521 -9342 -9459 9395 
OL -0404 +0572 -0498 -0605 
x? re 8+4 25-8 9-0 34-4 
P(x?) | he -6767 -0070 -6219 -0009 




















lower part of the Tables are given the values of mean I,, o, and the results of 
applying the (P, x’) test for goodness of fit. 

The following points are suggested by an examination of the Tables : 

(i) The agreement of the observed frequencies of I, with those expected 
is satisfactory in the case of moderately non-normal distributions (0, 2-5) ; 


(-2, 3-3) ; while it is far from satisfactory in the case of the extremely skew 
or leptokurtic distributions. 
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(ii) A comparison of the means and the standard deviations of I, 
suggests the same conclusions. 


(iii) A comparison of the detailed frequencies shows that there is 
a tendency for too many low values of L to occur when the variation 
markedly differs from the normal. This is of particular interest because it 
is this tail of the sampling distribution which is of importance in tests of 
significance. In Table VI.a comparison is made at about the levels p, = - 05 
and p, = -02 of the frequencies, theoretical and observed, of obtaining the 
value of L, less than the value indicated in the third column of the Table. 


TABLE VI. 


Frequencies in two-hundred samples less than a given value of I,. 


Size of Samples | Expected 
Value of on | 


L | Normal 
less than | .. 
| Theory 





Observed in Experimental sampling from the given 
distributions 





~_— tt (0-0, 2-5) (0-0, 4+1) 


(0-2, 3-3) (1-0, 3-8) 





10-3 | 13 29 


3°8 6 


-850 9-6 13 


| 
| 
| 
| 


-810 3°8 | 4 
| | 

















The observed frequencies are of course subject to random sampling 
errors but it appears from Table VI that the difference (observed — expected 
frequency) increases both as the population f, and f, increase. For the 
moderately skew population (0-2, 3-3), however, little error appears to 
arise. 


Thus on the whole it will be found that there is little to fear in the 
application of L, test to data of moderately skew nature. 


7. Summary. 


(a) The use of a single comprehensive test of the hypothesis H of a 
common origin for the two samples is discussed. It is shown that a single 
best test of the hypothesis H does not exist. A comparison between I, and 
two alternative two sample tests is made, which illustrates how the use of 
one test may be more efficient than the other with regard to a given 
alternative. 
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(b) The sampling distribution of L is obtained. It is found that the 
distribution involves an elliptic function of the first order when the samples 
are of equal size. 

(c) Tables of the 5% and 1% levels of probability for IL, have been 
provided. 

(d) Finally the question whether the test is suitable for application to 
non-normally distributed material is discussed. It is found that unless the 
distribution is extremely non-normal the test may be applied in practice. 


In conclusion I like to express my thanks to Professor E. S. Pearson 
and Dr. J. Neyman for their advice and criticism while this paper was 
being prepared. 

A Note on the Relation of the 1,, u and t Tests. By Prof. E. S. Pearson. 


It will perhaps not be regarded as out of place if I add a few remarks 
to what Mr. Sukhatme has written regarding the alternative I, and (i, u) 
tests, particularly in view of difficulty that arises in the interpretation of his 
skull measurement example. Here thesample point lies on the 5% L.- 
contour but outside the 1% ¢-contour, and the case m, = 15, m, = 13 is 
very closely similar to that illustrated in Mr. Sukhatme’s diagram with 
m, =, = 15. If the reader turns to this diagram he will notice that a 
sample point (¢, u) lying at P (or P’) on the 5% L-contour is extremely 
divergent judged from the point of view of ¢. Infact since for this point 
t = 2-62, the chance of a more divergent positive value is less than -01.4 
Similarly a sample at Q (or Q’) is very exceptional (if H be true) judged 
from the point of view of u. If, however, in testing H we were to use the 
5% level of the t-test whenever a sample point were in the directiom of P or 
P’, the 5% level of the w (or z) test whenever in the direction of Q or Q’ 
and the L-contour only when the point was diagonally placed, we should in 
fact be using a far more stringent test than we may have intended. 
Following this procedure we should in the long run of experience be reject- 
ing H when true in considerably more than 3% of samples, a result which 
follows because we are selecting the criterion with which to test H after we 
examined the sample data. 

The real justification of using the ¢-test would appear to be that there 
were strong grounds for believing o, to be equal to or nearly equal to op, so 
that it was only of interest to test H,.1* The statistician who while believing 





11 Note that in the skull example ¢ = 2.63 and u = 0.53. 


12 Q’ is the point where the curve cuts the u-axis nearer 1 = 0, and is not marked 
in the figure. 
13 See foot-note (4) for definition of He. 
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he was testing the hypothesis H, rejected this hypothesis when a sample 
point occurred near P or P’ would probably be influenced, perhaps uncon- 
sciously, by a priori considerations as to the likelihood of the certain alter- 
natives. He would, for instance, be perhaps influenced by the common 
experience that population means a, and a, frequently differ while their 
standard deviations o, and o, are practically the same. Or from another 
point of view he would be regarding it as more important to detect a 
difference in means than a difference in standard deviations." 


In this action he might well be justified from the practical viewpoint, 
and Mr. Sukhatme’s illustration serves to bring out admirably the difficulties 
connected with a priori probability that arise in an attempt to choose a 
good critical region for testing a statistical hypothesis when no best critical 
region exists. To recognise the difficulties is, however, an important first 
step towards meeting them. The intuitional basis upon which the practical 
statistician chooses the test he will employ is very frequently sound, but 
sometimes it is demonstrably at fault. As the principles of choice become 
more clearly outlined and generally understood these faults will cease, and 
we shall be left at any rate with a choice among good tests even if there is 
no agreement as to the best. 


14 ‘he question of the influence of a priori knowledge on the contours of the sampling 
test was referred to by Dr. Neyman and myself in the paper introducing the likelihood crite- 
rion (Biometrika, 20A,p. 190). The same point anda further one concerning the relative 
importance of different errors in judgment were discussed later in a paper entitled “ The 
Testing of Statistical Hypothesis in Relation to Probabilities a priori.” Proc. Camb. 
Phil. Soc., 29, pp. 492-510. 
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IN previous papers from this laboratory! it has been shown that pure 
potassium cyanide and pure benzaldehyde react in absence of water to give 
benzoin. ‘Two concurrent reactions take place: a fast homogeneous auto- 
catalytic reaction which can only occur in presence of benzoin, and a slow 
heterogeneous reaction which is subject to inhibition by compounds such 
as KCl, NaCl, KI and quinol. This paper comprises a study of the effect 
of sulphur, carbon disulphide, thiobenzaldehyde, iodine and quinone on the 
reaction between pure benzaldehyde and pure solid potassium cyanide. 


Experimental and Discussion of Results. 


The analytical methods and the general technique were as described in 
Part I of the present series. Merck’s purest benzaldehyde and Kahlbaum’s 
purest cyanide dried as described before, were used. The inhibitors 
added were purified as described below, and were either weighed and 
added to the benzaldehyde, or, when the quantities required were below 
0-0005 gm., standard solutions in benzaldehyde were prepared and diluted 
to the required strength. It was confirmed by experiment that the effect 
of these standard solutions on the reaction did not alter after keeping for 
fixed periods. All the inhibitors used were soluble in benzaldehyde at 
100° C. in the proportions employed. 


The results with sulphur are given in detail; with the other compounds 
a summary only is included. In order to obtain consistent results with 
sulphur, it was found necessary to dissolve it in carbon disulphide and, after 
filtration, to recover the sulphur by evaporation. The residue was distilled 
five times under 2 mm. pressure. The product was found to give reproducible 
results which were not affected by further distillation. Table I shows the 





1 Parts I, II and III, J. Phys. Chem., 1935, 39, 727, 901, 907; Part IV, Proc. Ind. Acad. 
Sci., 1935, 2, 483. 
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results obtained at 100°C. by shaking 10 gms. benzaldehyde and 1, 2 and 3 
gms. KCN with various amounts of purified sulphur. 


TABLE I. 





Grams Yield of Benzoin with 





ation’ 1 gm. KCN | 
Time in 
hours 


2 gms. KCN | 





Gms. Sulphur added 





| 
0-004 | 0-008 || 0-001 | 0-002 | 0-004 _ 


0-96 | 0-50 | 2°53 | 2-16 93 
5+26 | 4-92 7°38 
7-67 | 7-08 


— | 8-24 









































The following table gives the yields obtained under the above conditions, 
without addition of sulphur. 


TABLE II. 





| 


Time in| 1 om. KCN 2 gms. KON | 3 gms. KON 


hours 





2-72 gms. | -47¢gms. | 3-85 gms. 
38) 5, | . | 2, 


-01 | 8-55 ,, | 8-86 ,, 





34 | eet | Oe, 





Fig. 1 shows the curves obtained with 1 gm. KCN and various amounts 
of sulphur. The curves obtained with 2 and 3 gms. of KCN are similar in 
nature. It was found that the autocatalytic portions of all the curves have 
a constant slope practically independent of the amount of potassium cyanide 
or sulphur. As explained in Part I, this indicates that the homogeneous 
autocatalytic reaction is dependent only on the amount ot potassium cyanide 
dissolved in the reaction mixture. This amount is independent of the total 
quantity of KCN present and is unaffected by the sulphur; the inhibition 
of the reaction is due to the sulphur affecting the rate of the heterogeneous 
reaction by being adsorbed on the solid potassium cyanide. 














A Study of the Benzoin Reaction—V 







































4 

a 3 
ri 

< Fig.4. . 

z (1) 0-0005 g. SULPHUR 

< (Voroor gg. 4, 

- 1 63)0°002 g. a 
. 

yY . 

rs (Ho004#g. 

a oO 

TU) 

; PURE KCN PRESENT 

$ (o-g3g. EFFECTIVE KCN + SULPHUR Ei 3 
rs (221°83¢. os ow 19. 

z 

1?) 

* wali 2) 

—o C1) 
_ GRAMS, SULPHUR ADDED 
CO ceeSo'se; oc'002R ooom e003 
Fig.2. 

‘ all ——* (1) O'S. KCN, NORMAL CURVE 
|S & _— ame « + 0004. SULPHUR 
j z (3) 1g. » NORMAL CURVE 

a 4 26. » 40°0019. SULPHUR 
, = / (5) 38. » +0°002g. » 

a I of 

o¢g fi 

TIME IN HOURS 
1 2 3 4 
Fig.1. (21g.KCN NORMAL CURVE 
(2)1g. » + O'001g. SULPHUR 
L es” (3) 1g. » 4-0 002g. ” 

z o - (4) 1g. ” + o 004g. » 

N ($9) 18. o 4 O08, » 

z GALCULATED. 

22ce2t}EX PERIMENTAL. 

w 

= 

< 

ct 

va 

TIME \N HOURS, 
7 4 a 4 


As shown in Part II each timeé-yield curve with the inhibitors can be 
replaced, in the earlier stages particularly, by a curve obtained with smaller 
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quantities of pure potassium cyanide. It is thus possible to find as de- 
scribed there, the amount of pure KCN functioning in presence of the inhibitor 
and hence the amount of cyanide rendered inactive. Fig. 2 shows that some 
of the curves obtained with sulphur and larger quantities of KCN, are coin- 
cident with those obtained from pure KCN alone. 


Fig. 3 is a plot of the amount of sulphur taken against the amount of 
KCN rendered inactive. It will be seen that the curves are of the adsorption 
type, i.e., the quantity of KCN rendered inactive rises rapidly to a maximum. 
The amount of sulphur required to saturate the cyanide is almost independent 
of the amount of cyanide present indicating that the amount adsorbed is 
very small, so that a constant solution remains with all quantities of KCN 
within the limits used, 


Fig. 4 is a plot of the amount of KCN taken against the amount of KCN 
rendered inactive by given amounts of sulphur. It will be seen that the 
amount of KCN deactivated is approximately proportional to the amount 
taken. This again indicates that’ the amount of sulphur adsorbed is very 
small, so that with a given amount of sulphur a constant solution, not 
changed by the small amounts adsorbed by large amounts of cyanide, is 
obtained. 


As shown in Part I (loc. cit., p. 734) the reaction can be mathematically 
interpreted by the following equation :— 


t—c’ = —1/k,[—5/n’ + 3-45 log n’ — 4-60 log (10 + X’— n’)], 
where n’ = gm. benzaldehyde remaining at time ¢, 
c’ = constant of integration, 
and X’= 2k,’/k,, k,’ being the heterogeneous constant and k, the homo- 


geneous constant. 


For the experiments now under consideration k, remained unchanged 
and was found to have the value 5-7; &,’, the velocity constant for the 
heterogeneous reaction, has the value 0-185 for 1 gm. of effective potassium 
cyanide per 10 gms. of benzaldehyde. 


Hence we have for the different amounts of potassium cyanide and 
sulphur used, the calculated values of X’ shown in Table ITI. 


The equations to be employed for (a) 1 gm. KCN and 0-001 g. sulphur, 
(bo) 1 gm. KCN and 0-002g. sulphur, and (c) 1 gm. KCN and 0-004 g. 
sulphur are respectively :— 


(a) —5-7 (¢—1-24) = —5/n’+ 3-45 log n’— 4-60 log (10-028- —n’) 
(6) —5-7 (t—1-36) = —5/n’ + 3-45 log n’— 4-60 log (10-022 —n’) 
(c) —5-7 (t—1-60) = —5/n’ + 3-45 log n’— 4-60 log (10-0194 —n’) 
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TABLE III. 





rR . Gram. KCN ae + Of") 2. ae Ob. Ie 
KCN and Sulphur effective (5) ho’ =0 +1855 |X’ =2ko’/ky =2ho’ [57 








(From time 
yield curves) 
lg. KCN & 
0-001g.5 0-43 0-08 0 -028 
lg. KON & 
0 -002g. S 0-34 | 0-063 0-022 
1g. KON & | 
0-004g. S 0-30 0-055 0-019 











Equations for other quantities of potassium cyanide and sulphur were 
obtained in a similar manner. 

The calculated values agree fairly well with the theoretical values up to 
about half the conversion of benzaldehyde, when benzoin begins to separate 
and the equation no longer applies. The application of these equations to 
calculate the course of the time reaction curves is shown in Fig. 1. 

Other Inhibitors. 


Carbon disulphide.—This was purified by repeated distillation and used 
in the form of a standard solution in benzaldehyde. 

Thiobenzaldehyde.—This was prepared by Klinger’s method.? Its action 
was investigated because it is formed when H,S is passed into benzaldehyde, 
and it was found that a few bubbles of H,S passed into benzaldehyde greatly 
inhibited the benzoin reaction. 

Iodine.-—Kahlbaum’s resublimed iodine was employed and was found 
to give consistent results. It was used in the solid form as well as in the 
form of a standard solution in benzaldehyde. 

Quinone.—Merck’s quinone was steam-distilled and resublimed several 
times till it gave a constant melting point, 117-5°C. As with iodine, quinone 
was used both in the solid state as well as in the form of a standard solution 
in benzaldehyde. In performing experiments with minute quantities of 
quinone, a 0-00001 % solution in benzaldehyde was prepared by the method 
of successive dilution. 

Table IV summarises the results obtained at 100°C. by shaking 10 gms. 
benzaldehyde and 1, 2 and 3 gms. KCN with various amounts of the purified 
inhibitors. - 





2 Ber., 1876, 11, 1895. 
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TABLE IV. 





2 gms. KCN 3 gms. KCN 








Grams CS». added 





0-05 0-1 





2-77g. | 2+10g. 


7:18 ,, 



































Grams C,H;CHS added 





0-02 0-04 





1-48 ¢. 
6-18 ,, 


8-06 ,, 

















Grams Iodine added 





0.00002 | 0-0002 0-00002 | 0-0002 0-002 . 0-0002 











l 
2-34g. | 2-20g. 3-31g. | 2-98¢. | 2-58¢. 70g. | 3°37. 


6-83 ., | 6-65 ,, | 7-44,, | 7-30,, | 6-93, ) 7-20 ,, 





8-14,, 8-03 ,, 8-49 ,, | 8-43.,, 8-04 ,, 8-45 ,, 














Grams Quinone added 





0-0005 || 0-0002 | 0-0005 0-001 0-0002 0-001 


0-52g. | 2-20g. | 1-00g. | 1-84g. | _ | 2499, | 2-42¢. 











5-91,, || 7-33., | 7-02,, | 6-36,,. |] 7-7 . 7-42 ,, 











| . 
7+84., | » | 8*40,, | 8-32,, 18... 8-54, 
| 

















A comparison of the results with the inhibitors examined indicates that 
if they are arranged according to their inhibitory power, they stand in the 
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following order :—quinone, iodine, sulphur, thiobenzaldehyde and carbon 
disulphide. It would appear that the marked inhibitory action shown by 
H,S is not due to the formation of thiobenzaldehyde only. 


Table V shows the least quantity of the inhibitors used required to show 
inhibition with 10 gms. benzaldehyde, and 1 gm. KCN for 1 hour at 100°C. 
The amount of inhibitor required to saturate 0-83 gm. effective KCN is also 


shown. 
TABLE V. 





Yield obtained in 

Minimum quantity | 1 hour with 1 gm. 
used KCN, normal yield 

being 2-72 gms. 


Minimum propor- 
tion showing 
inhibition in parts 
of benzaldehyde 


Minimum quantity 

required nearly to 

saturate the surface 
of the cyanide 


Inhibitor 





Quinone 

Iodine 

Sulphur 
Thiobenzaldehyde 


Carbon disulphide 


0-00001 gm. 
0-00002 ,, 
0-0005_ —,. 
0-01 
0-05 





2-36 gms. 
2-34 
98 ., 
+23 


-09 





0-0005 gms. | 13 26° 


0-002 —,, 1: 500,000 
0-001 _ =Cy 20,000 
0-04 1,000 


0-1 . | 200 








The results obtained with these inhibitors are of the same type as those 
obtained with sulphur, v7z., the autocatalytic portion of the resulting curves 
have a constant slope practically independent of the amount of cyanide 
or sulphur. Figs. 5, 6, 7 and 8 are a plot of the amount of inhibitors taken 
against the amount of potassium cyanide deactivated by them. The curves 
are all of the adsorption type ; only small fractions of the amount dissolved 
appears to be adsorbed, since the amount of potassium cyanide rendered 
inactive is roughly proportional to the amount of cyanide present. The 
results with quinone are particularly interesting, for by using 0-3 gm. of 
pure potassium cyanide, it was established as a result of large number of 
repeated experiments, that the normal yield of 1-8 gm. obtained from 10 gms. 
of benzaldehyde for 2 hours was reduced to 1-3 gm. when benzaldehyde 
containing quinone in the proportion of 1 part in ten million was employed.® 


Adsorption Experiments in Presence of Inhibitors. 


According to the theory outlined in Part II (p. 905) and confirmed by 
the present experiments, the inhibition of the benzoin reaction is assumed 
to be due to the adsorption of the inhibitor by the solid cyanide. From 
this it follows that if benzaldehyde containing an inhibitor is allowed to 





3 See Curr. Sci., 1935, 4, 94. 
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stand at room temperature in contact with quantities of KCN too small to 
produce benzoin (less than 0-17 g.)* the inhibitor should be adsorbed, and 
the benzaldehyde when filtered from the potassium cyanide in an atmosphere 
of nitrogen should show an improved yield of benzoin. Table VI shows that 
these predictions are correct. 














TABLE VI. 

Standard Yields: 1 hour, 2-72 gms.; 2 hours, 7-1 gms. 
Amount Ti cali Normal yield | Yield after 
Inhibitor added in ese | of f "hibitor filtration 

gms. (gms.) | (gms.) 
Quinone --| 0-0002 1 0-79 1-47 
” oe bs 2 6-70 7-20 
Iodine --| 0-002 1 1-80 2-74 
*” “a = 2 6-40 6-99 
Sulphur --| 0-001 1 1-79 2-79 
” me + 2 6°52 7°15 
Thiobenzaldehyde -+-| 0-01 1 2-23 2-69 
” Fe is 2 6-78 6-91 
Carbon disulphide a | OS 1 0-80 1-64 
- “< + 2 3°77 4-94 
Quinol* | 0-05 1 2-01 0-14 
Potassium iodide* --| 0°05 1 0-30 1-38 
a a = 2 2-18 5-39 
Potassium chloride* --| 0-4 1 2-25 2-84 
” - ae 2 6-51 6-98 
Sodium chloride* ah Oe 1 2-18 2°76 
ns " 2 6-50 7-03 




















It was confirmed by experiment that no benzoin was formed at ordinary 
temperatures during the period of adsorption. 

It will be noted that the only inhibitor of which the effect is not decreased 
by standing in presence of pure KCN is quinol. Thinking that the increased 





4 See Part I, loc. cit., p. 730. 
* Examined in Part II. 
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inhibition might be due to its:conversion to quinone we examined the effect 
of the latter with the results given above. 

These experiments provide the basis of a method for purifying benzal- 
dehyde so as to make it suitable for use in the investigation of this reaction. 
Various commercial specimens of benzaldehyde (50 gms.) were allowed to 
stand overnight in contact with 0-1 gm. KCN. It was found that by this 
treatment the yield of benzoin under standard conditions was improved, 
and the normal yield was usually obtained. Complete purification was not 
obtained if more than 50 gms. of benzaldehyde was taken at a time with 
0-1 gm. of pure potassium cyanide. 


Summary. 

(1) It is shown that sulphur, carbon disulphide, thiobenzaldehyde, 
iodine and quinone act as inhibitors in the heterogeneous reaction between 
solid potassium cyanide and pure benzaldehyde. 

(2) The action is due to the adsorption of the inhibitor on the surface 
of the solid potassium cyanide. 

(3) Inhibition can be detected with benzaldehyde containing one part 
in ten million of quinone. 

(4) Crude benzaldehyde can be purified for use in the benzoin reaction 
by keeping it at room temperature in 50gm.-lots in an atmosphere of 
nitrogen in contact with 0-1 gm. of potassium cyanide. 
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7. Introduction. 


THE most interesting among the fatty acids is formic acid on account of the 
striking differences between its chemical properties and those of its higher 
homologues. The most important among its exceptional properties is that 
it is about twelve to twenty times stronger as an acid than acetic or propionic 
acids; it is, unlike the latter, easily oxidisable and does not form a chloride 
or an anhydride corresponding to acetyl chloride or anhydride. Some of 
these properties have been explained on the basis of the older hypothesis 
that an aldehyde group COH, is present in the molecule. In a recent note 
to Nature’ Sir P. C. Ray has put forward the suggestion, based on the ex- 
perimental work of P. B. Sarkar, that the anomalous behaviour of formic 
acid is due to a difference in its chemical constitution, namely, that “‘ the 
ionisable hydrogen in it is not the hydrogen of the hydroxyl group, as in the case 
of the other fatty acids but the hydrogen attached to the carbon atom’’. ‘The 
electronic conception based on this assumption is given by him as 


(*) <_: ¢c=O : re =O}- 
+ for the acid and for the formate ion. He 


establishes the identity of the former with the well-known electronic 


:N=@Q)}- 
configuration of the nitrite ion \ i and finds support for it in 
= . 
the possibility of preparing mixed crystals of formates and nitrites of a few 
metals. 
Exception to this suggestion has, however, been taken by T. R. Seshadri* 
who has pointed out that it is wholly unjustifiable from other important 





1 Ray, P. C., Nature, 1934, 133, 646. 
2 Seshadri, T. R., Current Science, 1935, 3, 383. 
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chemical considerations. This author has explained the classical synthesis 
of formates, the reducing power of the formate ion and other exceptional 
properties on the assumption “‘ that the carboxyl group in the acid is linked 
to a hydrogen atom (aldehyde group) whereas in its homologues the carboxyl is 
linked to the alkyl groups and in the course of certain reactions formic acid is 
capable of undergoing isomeric change to dihydroxymethylene.”’ 


fe) OH 
fr - co -_> ee 
\ou Nou 
Thus according to the suggestions of Sir P. C. Ray, the formate ion does 
not contain the CH group, whereas Seshadri presumes that it is present in 
it, just asin the case of acetates, etc. This issue is capable of being decided 
by the method of the Raman effect where the presence of the CH group in 
the metallic formates could be detected directly by experiment. At the 
suggestion of Dr. Seshadri, the author has investigated this problem and 
the present paper deals with the results obtained with the formates of sodium, 
calcium, cadmium and lead both as crystals and aqueous solutions. The 
measurements give indication of the existence of the CH group in the com- 
pounds studied. 


2. Experimental Technique and Results. 


The experimental arrangement was essentially the same as that de- 
scribed by the author in the previous communications.? Extra-pure crystals 
of sodium, calcium and cadmium formates were prepared and kindly lent 
to the author by Dr. Seshadri of the Andhra University, Waltair. Lead 
formate crystals were the extra-pure variety supplied by Kahlbaum. Since 
sodium formate is hygroscopic it was kept sealed in an evacuated tube during 
exposure. Cadmium formate was cooled during exposure by water circu- 
lation in order to avoid the loss of water of crystallisation. Using specially 
backed Ilford ‘‘golden isozenith”’ plates H. and D. 1400, the time of exposure 
was about twelve hours for the crystal powders and twenty-four hours for 
the aqueous solutions. The plates were measured on a Hilger comparator, 
alongside of an iron-are spectrum and the results are set out in Table I. The 
Raman lines due to CH are indicated in the enlarged photograph of the 
spectra of 42% aqueous solution of sodium formate and of the crystals of 
lead formate which are reproduced in the accompanying Plate. In order 
to provide a comparison, the spectrum of formic acid* enlarged to the same 
scale, has also been reproduced. 





3 Venkateswaran, C. S., Proc. Ind. Acad. Sci., A, 1935, 1, 850; 2, 119. 
* The author’s thanks are due to Mr. R. Ananthakrishnan for his kind permission to 
reproduce his formic acid spectrum here for reference. 
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TABLE I, 
Substance Raman lines in cm.~* Remarks 
Sodium formate crystals ..| .. 2834 .. 1717 | 1555 | 1397 | 1365 
(w,dif) (v.w) | (v.w) | (v.w) | (m,sh) 
Sodium formate solution 42%|_ .. 2834 | 2734 ve a ee 1353 | 857 | St. water 
(m,dif )}(w,dif) (v.st,sh)} (w) band. 
Calcium formate crystals ..| 2973 | 2849 a 1716 | 1550 | 1397 | 1359 | 
(v.w) |(w,dif) (w) | (w) |(m,dif)}  (w) | 
Calcium formate solution 15%] .. 2834 | 2721 ae ae sie 1353 | 
(m,dif)|(w,dif) (st,sh)| 
| 
Cadmium formate crystals ..| .- | 2849] .. | 1716 | 1550 | 1397] 1359 
(w,dif) (w) | (vew)] (w) | (m,dif 
Cadmium formate solution 3%|_ .. “a ei ee os “ 1353 
(w) 
Lead formate crystals -+| 2976 | 2847 oe 1717 | 1534 | 1397 1347 | .. | Line at 200 
(w) |(w,dif) (m) | (m) | (w) | (vst) (doubtful) 





























The abbreviations in this and the following Table mean: v.st=very strong, st=strong 
m=medium intensity, w=weak, v.w=very weak, and dif =diffuse. 


3. Discussion of Results. 


Although the Raman spectra of formic acid‘ and some of its esters® 
have been studied by earlier investigators, the presence of the CH group in 
the formate ion can be established only from the Raman spectra of the metallic 
formates where the same group is not presentin any other form. In Table II, 
the frequency shifts of formic acid and methyl formates are given along with 
the results obtained by the author for the metallic formates. Similar data 
are also given from Dr. Krishnamurti’s work for acetic acid and sodium 
acetate. In general the metallic salts either in the solid state or as aqueous 
solutions, yield fewer lines than the acids. Among tbe four compounds 
studied (Table I) in the solid state, lead formate has given the most intense 
picture in spite of the fact that the other formates, especially the cadmium 
salt, were available in the form of better crystals. Similar observations 
with the acetates have also been made by Krishnamurti.* Sodium formate 





4 Ganesan, A. S., and Venkateswaran, S., Jnd. Jour. Phys., 1929, 4, 195. 

Dadieu and Kohlrausch, Physikal Z., 1929, 30, 384. 

Parthasarathy, S., Ind. Jour. Phys., 1931, 6, 287. 

Kohlrausch, K. W. F., Koppl, F., and Pongratz, A., Z. f. Phys. Chem., B, 1933, 21, 242. 
5 Kohlrausch, K. W. F., and Pongratz, A., Z. f. Phys. Chem., B, 1933, 22, 373. 
6 Krishnamurti, P., Ind. Jour. Phys., 1931, 6, 309. 
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TABLE II. 








Formic Methyl | Lead formate | Sodium formate} Acetic Sodium 
acid formate | crystals solution (Incomplete) acetate 
189480 (5) | 334 (3b) 200 (?) 440 (3) 
673 (3b) 762 (2) | 614(5) | 647 (1) 
859 (4) 912 (10) 857 (1) | 889(6) | 925 (4) 
1050 (1b) 1030 (4) 
1200 (2) 1157 (1b) 1280 (1b) 
1247 (4b) 
1347 (5) 1353 (8) 1346 (3) 
1398 (5) 1378 (3b) 1397 (1) 1368 (4b) 
1445 (2v.b) 1432 (4b) | 1411 (1b) 
1672 (4) 1534 (2) 
1724 (2) 1717+6(5v.b)} 1717 (1) 1669 (4b) | 1647 (1) 
2839 (3) 2gi7 (1) | 2032 2) 
2834 (5) 
2963 (7b) 2955 (3) 2976 (4) 2940 (10b)| 2934 (5b) 
3030 (2v.b) 























is the most soluble of the salts studied and a 40% solution of it has yielded 
a very intense spectrum. As can be seen from the accompanying Plate, 
the most prominent line in the crystal is the one at 1347 and it is followed 
by a faint companion at 1397 in the formates of sodium, cadmium and lead. 
In the case of calcium formate, the line at 1397 is stronger than the one at 
1359. The corresponding line in formic acid falls at 1398. Parthasarathy’ 
has observed that it is followed by a wing to the violet side and as can be 
seen from the Plate the centre of this wing approximately coincides with the 
frequency shift 1347. If we assume that 1398 is the frequency in the 
unionised state, it follows that in the crystals of metallic formates there is 
a small percentage of the solid possessing covalent linkage giving rise to this 
line. In the calcium salt this percentage is considerably higher than in the 





7 Parthasarathy, S., Loc. cit. 
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others. The line at 1347 is evidently characteristic of the ionised group 
HCO, and shifts to a higher frequency as we pass from lead to sodium. The 
wing to the violet side in the acid is also to be attributed to a small per- 
centage of dissociation in it. This line is also shifted to a slightly higher 
frequency in the aqueous solutions and is the strongest line in all cases. This 
line is attributed by Kohlrausch and his co-worker® to the deformation 
oscillation of the CH in the aldehyde group HCO. 

The valence frequency due to the CH binding appears in formic acid 
as a broad line at 2963 and as three lines at 2839, 2955 and 3030 in methyl 
formate. In the crystalline formates of lead and calcium two diffuse lines 
are clearly present at 2847 and 2986 but in the aqueous solution of the sodium 
and calcium salts they are replaced by two broad lines at 2834 and 2732. 
The possibility that these lines are excited by the 4358 radiations of the 
source is excluded on the consideration that the corresponding lines that 
would be excited by 4047 in such a case, do not appear in the region between 
4358 and 4047. (See Sodium formate picture.) Thus, in the’ ionised 
state the line due to CH in the formates suffers a large shift of more than 
130 wavenumbers towards lower frequency and coincides with the frequency 
shift of 2839 in methyl formate. In the case of acetates this change is con- 
siderably less: These two lines, namely, 2834 representing the valence oscilla- 
tion and 1347 representing the deformation oscillation of the HCO group, indi- 
cate beyond doubt the presence of this group in the formate ton. 


Another important feature of the spectra of the formates of which special 
mention may be made, is the presence of the line at 1534 which appears 
clearly in the spectrum of lead formate. This line is present very feebly in 
the other crystals also. But in the aqueous solutions, its presence could 
not be detected, for the water band excited by the 4046 radiations happens 
to fall in the region where it would appear. It may be inferred from Table II 
that no such line is present in formic acid or its esters or in acetic acid and 
acetates. This frequency is also too low to be attributed to the carboxyl 
group C =O and its origin is difficult to understand at this stage. But 
it is possible that it is in some way connected with the change of formic acid 
to the form dihydroxymethylene as suggested by Seshadri. 

It is surprising that the frequency due to C =O appears only very 
weakly at 1717 in the spectra of the crystals. Due toa large number of feeble 
mercury lines in that region it could be identified only with great difficulty. 
In the spectra of the aqueous solutions this line, if present, would be super- 
posed on the water band and hence could not be observed. Similar 


8 Kohlrausch, K. W. F., and Koppl, F., Z. f. Phys. Chem., 1934, 24, 370. 
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weakening of the carboxyl frequency has been previously noticed by Ghosh 
and Kar® and Krishnamurti’® in metallic acetates and as is pointed out by 
the former authors, wherever C = O group forms part of the negative ion, 
it is considerably weakened. The weak line at 857 in the water solution of 
sodium formate is to be compared to the line at 859 in formic acid. 


The influence of formates on the water bands is negligible. The well- 
defined minima separating the three bands in pure water are not clear in the 
solutions of formates and a slight narrowing of the bands is also observed. 

In conclusion the author wishes to express his heartfelt thanks to Prof. 
Sir C. V. Raman for his interest in the work. ‘The investigation was under- 
taken at the suggestion of Dr. Seshadri of the Andhra University, Waltair, 
to whom the author’s best thanks are due. 


Summary. 


The Raman spectra of the formates of sodium, calcium, cadmium and 
lead have been investigated both as solid and as aqueous solutions and the 
following average frequencies have been obtained for the formate ion :— 
2834, 2734, 1717, 1534, 1347 and 857cm.-! The presence of the lines at 
2834 and 2732 gives direct experimental evidence of the existence of CH 
group in formic acid. The solids have yielded faint lines also at 2976 and 
1398. The frequencies are compared with those of formic acid and its esters 
and acetic acid and acetates. The presence of the line at 1534 seems to be 
characteristic of the formates. 





® Ghosh and Kar, Jour. Phys. Chem., 1931, 35, 1735. 
10 Krishnamurti, P., Loc. cit. 
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7. Introduction. 

THE recent investigations of K. S. Krishnan and his collaborators! have shown 
that in magne-crystallic action we have a powerful method of determining 
molecular orientations in crystals. When magnetically anisotropic molecules 
or ions are arranged regularly as they are in a crystal, the crystal also will 
show anisotropy, the magnitude of which will depend upon the orientation 
of the molecules in the crystal lattice. A correlation of the anisotropy of the 
crystal with that of the individual molecules enables the orientations of the 
latter to be calculated. The approximate molecular orientations in the 
naphthalene crystal were first determined by S. Bhagavantam? by this method. 
Recently, accurate determinations of anisotropy for a large number of para- 
and dia-magnetic crystals, both organic and inorganic, have been made by 
Krishnan and his collaborators, and in some favourable cases such as biphenyl 
and dibenzyl, the orientations of the molecules have been determined with 
precision. 

Just as a crystal is an aggregate of ions or molecules regularly arranged, 
there are naturally occurring substances which are known to be aggregates of 
minute crystals in a more or less regular arrangement. If the individual 
crystals are anisotropic, we should expect the substance also to show aniso- 
tropy, and we can employ Krishnan’s method for determining the crystal 
orientations. One such substance is the nacre of iridescent shells. The 
magnetic properties of nacre have not been investigated quantitatively, 
although Nacken® and others‘ have observed its anisotropy in connection with 
the study of the differences between real and “culture’”’ pearls. The latter 
contain a small spherical inner core of mother-of-pearl and as a consequence 
take up a definite orientation in a magnetic field unlike real pearls, which do 
not show any preferred orientation. The object of the present investigation 
is chiefly to determine the anisotropy of nacre quantitatively with a view to 
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gain some knowledge of its structure and thereby supplement what is already 
known from X-ray and optical studies. 


2. Structure of Nacre. 


It is well known that mother-of-pearl consists of minute crystals of 
aragonite arranged in thin layers and honey-combed in between an organic 
cementing medium called conchyolin.5 Aragonite is diamagnetic, and its 
magnetic properties are known both as regards its absolute susceptibilities 
along the three axes (Voigt and Kinoshita)® and magnetic anisotropy 
(Krishnan)’. 

By examination under the polarising microscope, W. J. Schmidt’ has 
shown that the aragonite crystals are orientated in nacre with the c-axes 
normal to the elementary lamine. Recently, from a study of the diffusion 
haloes of nacre, Sir C. V. Raman® has drawn attention to the structural differ- 
ences in the shells of the three main classes of molluscs. These differences 
have been verified by Dr. S. Ramaswamy?® by X-ray analysis. He has found 
that while the c-axes of the crystals are orientated normal to the laminz in 
all the shells, the orientations of the a and b axes are different in the various 
shells, viz., a random orientation in Turbo and Trochus and a preferred orienta- 
tion in Margaratifera vulgaris and Mytilus viridis. Evidence of twinning has 
been found in Nautilus pompilius, the twins being arranged symmetrically 
with respect to the lines of growth. In a more recent paper" a preferred 
orientation has been found by the same author in the case of Haliotis also 
with however a very large error in orientation. 


3. Determination of the Anisotropy of Nacre. 


This was done by means of the method of oscillations developed by 
Krishnan.” If x, and x2 are algebraically the maximum and minimum 
values of the susceptibility along two perpendicular directions in the plane 
of oscillation of a body suspended by means of a quartz fibre in a uniform 
magnetic field, it will orientate itself with the yx, axis in the field direction. 
If the torsion hegd is turned so that the torsion of the fibre is zero at this 


position, and if T, and T are the periods of oscillation in and outside the field 
respectively, we have, 





1 c T*—T,? 
—so ee 
X1 — X2 = Specific anisotropy in the plane of oscillation. 
c = Modulus of torsion of the fibre. 
m = Mass of the body. 
H = Field strength in Gauss. 
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Some preliminary experiments showed that all the shells examined are 
diamagnetic, the direction of maximum diamagnetic susceptibility being 
normal to the plane of the laminz. This direction then is one of the principal 
magnetic axes in nacre. The other two axes lie in the laminar plane and 
could be easily located by observing the orientation in the field. 


The following precautions were taken :— 


(1) The specimens selected were seen to be as white as possible and 
free from discolourations. By chemical test it was found that none of the 
pieces contained even traces of iron. 

(2) The pieces.of nacre were carefully cleaned before use. 

(3) The elementary lamine are usually inclined at a small angle to the 
shell surface. The shell faces were ground until they were parallel to the 
laminze in the pieces used. 


Experimental Details —Fine quartz fibres drawn in the flame were 
employed. The pieces were mounted on the suspension as described in 
Krishnan’s paper. 


The field was tested for homogeneity and the strength determined by 
means of the Ballistic Galvanometer, in the usual way. Some preliminary 
experimeuts were made with a single crystal of calcite for which the anisotropy 
values are known, with satisfactory results. 


The modulus of torsion c of the fibre was determined by observing the 
period of oscillation of a small rectangular plate of glass suspended at its end 
of which the moment of inertia about the axis of suspension can be 
calculated from the dimensions. 


The arrangement shown in Fig. 1 was employed for observing the orienta- 
tion of the shell in the field. 


The piece of shell is illuminated from below by means of a powerful lamp 
and condensing lens. The image reflected at the glass plate G kept inclined 
at an angle of 45° is viewed through the short focus telescope T. The tele- 
scope is provided with a circular brass scale by means of which its angular 
rotations can be measured. The orientations of the shell can be easily 
determined by rotating the telescope suitably such that the cross-fibre coin- 
cides with any position of the image of the shell. 


The angle of inclination of the elementary laminz to the shell surface can 
be determined magnetically, since the orientation of the laminar plane is found 
to be always along the field in the case of all the shells. This angle has also 
been measured optically by Sir C. V. Raman.* The values of the angle found 
by the optical and the magnetic methods agreed satisfactorily. 
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4. Measurement of Absolute Susceptibility. 

This was done by Rabi’s null method, the liquid used being a saturated 
solution of potassium iodide. The piece of shell was suspended by means of 
atorsionless silk fibre about 60 cms. long, with one of its magnetic axes 
vertical. It orientated itself in the field with the axis ot maximum diamagnetic 
susceptibility normal to the field. The measurements give the susceptibility 
along that axis which is parallel to the field, 

The concentration of the potassium iodide solution was determined by 
titration against a standard solution of silver nitrate using eosin as indicator. 
From, the measured values of the concentration used, the density of the solu- 
tion, and the density of the shell, we can deduce the susceptibility of the 
shell making use of well-known relations. 

5. Results. 

The shells investigated were M. margaratifera, Turbo, Haliotis, Mytilus 
viridis and Nautilus pompilius. Table I gives the observed values of the 
anisotropy. Krishnan’s values for aragonite are also included for comparison. 
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TABLE II. 
Anisotropy of Aragonite (Krishnan). 
Unit: 10-§ of a C.G.S. Electromagnetic Unit. 

































Mode of 
Suspension 


Specific 


Orientation Anisotropy 








a-axis vertical b-axis along the! 4-2 X,—X,=4-2 
field 


4-0 X,—X,=4-0 


if CG 4 ” b 4, ” 0-13 














TABLE III. 
Absolute Susceptibility of the Shells. 





Susceptibility in a 
Shell direction normal to 
the laminar plane 














Turbo —0,39 10-° 

Haliotis 0,38 ,, 

M. margaratifera 0,39 ,, 

Mytilus viridis 0,39 ,, 

Nautilus pompilius 0,36 ,, 
TABLE IV. 


Density of the Shells. 





Shell D in Gm/em* 





Turbo | 297 





Haliotis | 2,73 Density of 
Aragonite .. 2-92 

M. margarati fera 2,78 

Mytilus viridis 


Nautilus pompilius 
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For the sake of brevity, the magnetic axes are denoted as the y,’, x,’ 
and y;/ axes. The x,’ axis is normal to the elementary lamine. y,' — x’, 
xe’ — Xs and yx,’ — x,’ are respectively the anisotropies in the respective 
planes. If two of these are determined, the third can also be easily obtained 
from these. As a check, the third was also independently determined. 

The values of anisotropy differed by about 10% for the pieces taken 
from different parts of the same shell. The stated values represent only 
an average. 


It will be seen that the anisotropies of the sheils corresponding to the 
modes of suspension B and C are higher than should be expected from arago- 
nite alone. This suggested that the conchyolin itself might have an aniso- 
tropy which adds itself to that of the aragonite crystals. An attempt was 
made to observe this anisotropy directly, by isolating the conchyolin. The 
aragonite was carefully dissolved off by dilute hydrochloric acid. The gas 
evolved had to be squeezed out from time to time since its accumulation 
prevented further action. This, however, could not be done without disturb- 
ing the conchyolin layers. One could not be sure, therefore, whether con- 
chyolin retained its structure after its separation. This element of uncertainty, 
which is unavoidable, is a serious drawback of the method. 

It was a matter of difficulty to prepare the conchyolin from Nautilus 
pompilius since it easily broke up and lost its structure. Haliotis, however, 
gave more satisfactory specimens. 

The results obtained were inconclusive, for whereas two specimens showed 
slight anisotropy, others were only feebly so. 

Conchyolin was found to be diamagnetic. 


6. Discussion. 

The anisotropy of nacre definitely indicates that the c-axes of 
aragonite crystals are orientated normal to the elementary lamin in the 
case of all the shells. This is in accord with the results of X-ray and optical 
investigations. 


The high values of the anisotropy for the (B) and (C) modes of suspension 
show that there is an additional anisotropy over and above that due to the 
aragonite crystals. The only way of explaining this seems to be to attribute 
anisotropy to conchyolin itself, although no conclusive results could be obtained 
by direct experiments on the separated conchyolin, owing to experimental 
uncertainties. If we assume that conchyolin is anisotropic, we at once arrive 
at two significant conclusions ; firstly, that the molecules are anisotropic 
themselves, and secondly, that they are arranged more or less regularly in a 
quasi-crystalline structure. Conchyolin belongs to the class of sklero-proteins 
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and its empirical formula is CspHygN,O,,. The structural formula is not 
known. The indirectly observed rather considerable anisotropy would 
indicate the presence of aromatic groups in the molecule, these being arranged 
with their planes parallel to the laminar planes. 

It is difficult to draw definite conclusions as regards the orientations 
of the a and b axes of the aragonite crystals on account of the fact that the 
c-axis is one of approximate magnetic symmetry and that there are a few 
complications such as :— 


(1) Slight differences in the curvatures of the elementary lamine in 
different directions. The error caused by this was eliminated 
as far as possible by choosing very small pieces for experiment. 

(2) The difficulty in mounting the piece with the laminar plane exactly 
horizontal. A spurious anisotropy of a small order can be 
caused by this. 

(3) Natural irregularities in the elementary laminze such as small pits 
and elevations. 

We can however tentatively arrive at the following conclusions :— 

In Turbo and Haliotis, the a and b axes are oriented more or less at 
random, since the anisotropy is very small in the laminar plane. This is in 
general agreement with the X-ray analysis by Dr. Ramaswamy. The 
preferred orientation of the a and 6b axes which he has found for Haliotis 
cannot, however, be detected by the magnetic method, since, owing to the 
very large error in orientation reported, the anisotropy will be negligibly small. 


In M. margaratifera and Mytilus viridis, a preferred orientation is prob- 
ably present, with the a-axis approximately along the line of growth. In 
the case of Nautilus pompilius, however, the anisotropy is comparatively 
large. Two explanations are possible; it is either due to the conchyolin 
which is present in comparatively large quantity, or to a preferred tilting of 
the c-axes of the aragonite crystals in the direction of the line of growth, in 
the specimens examined. 


The absolute diamagnetic susceptibility of the shells appears to be lower 


than that of aragonite in all cases, Nautilus pompilius having the lowest 
value. 


The present investigation shows that the determination of the magnetic 
anisotropy of many natural substances is likely to throw some light on their 
constitution and structure. Further work in this direction is being under- 
taken. 


In conclusion, I thank Sir C. V. Raman, Kt., F.R.S., N.L., who suggested 
the problem and under whose guidance the work was carried out. 











10t 
ild 
red 


ns 
he 
aW 


























Magnetic Anisotropy of Naturally Occurring Substances 629 


Summary. 

The magnetic anisotropies of the nacre of Turbo, Haliotis, M. marga- 
ratifera, Mytilus viridis and Nautilus pompilius, respectively, have been 
determined. The observations indicated that the c-axes of the aragonite 
crystals are in every case normal to the elementary lamine. A random 
orientation of the a and 6 axes in Turbo and Haliotis, and a preferred orienta- 
tion, with the a-axes approximately along the line of growth for M. marga- 
ratifera and Mytilus viridis, are tentatively suggested. A quasi-crystalline 
structure for conchyolin is suspected. The absolute susceptibilities of the 
shells have also been determined. 
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REFRACTIVE INDICES AND DISPERSIONS OF 
VOLATILE COMPOUNDS OF FLUORINE AND BORON. 


Carbon Tetrafluoride, Nitrogen Trifluoride, Fluoroform, Carbon-Nitrogen 
Compound of Fluorine (CF,N)., Boron Hexahydride, and 
Nitrogenous Boron Hydride B,N,H,. 


By K. L. RAMASWAMY. 
(From the Departments of General Chemistry and Physics, Indian Institute of Science, 
Bangalore.) 


Received November 23, 1935. 
(Communicated by Sir C. V. Raman, kKt., F.R.S., N.L.) 


IN an earlier communication,! the results of measurements of dielectric co- 
efficients of the above-mentioned gases at different temperatures have been 
recorded. Simultaneous measurements of refractive indices and dispersions 
on the same specimens of gases were carried out, with a view to compare the 
electronic polarisations at long wave-lengths with the corresponding dielectric 
polarisations. From the data obtained, the atomic polarisations for these 
gases have been calculated as will be explained subsequently. 





The apparatus, method of measurement, and the procedure adopted 
were practically the same as described in a separate communication by 
Watson and Ramaswamy.? One additional precaution to make sure of 
the zero reading of the compensator was taken. For this purpose the 
reading when oth the gas tubes were empty was first taken, the gas was 
then introduced and fractionated if necessary and the bands counted until 
zero pressure in each case. The last stage of pressure reduction was done 
by slow condensation of the gas either by using a liquid air or a solid carbon 
dioxide bath. As in the earlier investigations,’ low pressure counts for one 
or two other wave-lengths were made to enable easy computation of the total 
number of bands. All measurements were made at or nearly at the prevailing 
laboratory temperature. 


The details concerning the methods of purification and the limits of 
purity have already been given in the earlier communication. 





1K. L. Ramaswamy, Proc. Ind. Acad. Sci., A, 1935, 4, 364-377. 


2 H. E. Watson and K. L. Ramaswamy, “Refractive indices and dispersions of gases,” 
(under publication). 
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Results. 


Since details of calculation illustrating the accuracy of the results will 
be given in another communication,? it seems unnecessary to repeat them 
here. In the following tables I-VI, the values of (n—1) x 10® (where a 
represents the refractive index) calculated to 760 millimeters pressure and 


TABLE I. 


Carbon tetrafluoride. 


25° -0 Centigrade and corrected for compressibility, have been given. Column 
1 gives the wave-lengths A x 10-8 in centimetres corrected to vacuum, 2 the 











Ax10- (n—1) obs. (n—1) eal. Difference | t, p», and comp. 
6440 -24 440 -87 440-87 0-0 
5462 +25 442 -58 442 -53 +0-05 t=27°°5 C. 
5087 +23 443 -46 443-44 +0-02 | py=342 mm. 
4801 +25 444-29 444 -28 +0-01 | comp.=0-66% 
4359 -56 445 -94 445 -94 0-0 

















9. 
(22759 «6 x 107? —y?)’ 


9384 x 10°7 


TABLE II. 


Nitrogen trifluoride. 


The dispersion for carbon tetrafluoride can be summarised by the Sellmeier 


formula n—1 x pes = 























Ax10-5 (n—1) obs. (n—1) eal. Difference t, p», and comp. 
6440 -24 436 -73 436-75 —0-02 
5462 -25 439-11 439 -11 0-0 t=27°-0C. 
5087 -23 440 -43 440 +42 +0-01 Pm =403-5 mm. 
4801 -25 441 -66 441 -63 +0 -03 comp. =0 -67% 
4359 -56 444-00 444 -O1 —0-01 











formula »—1 x 10% = 


The dispersion for nitrogen trifluoride is best expressed by the Sellmeier 
_ 6 -8443 x10" 
(15888 x 1027 —v*) 









TABLE ITI. 
Fluoroform. 
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Ax 107° | (n—1) obs. 


(n—1) cal. 


Difference 


t, Pm and comp. 











6440 -2 433 +33 
5462 -25 435 -38 
5087 -23 436 -48 
4801 -25 437-51 
4359 -56 439 +52 











433 -34 
435 +37 
436 -48 
437 -52 


439 -55 








—0-01 





+0-01 
0-0 
—0-01 


—0 -03 





| 
















t=27° -0 0. 
Pm=334-0 mm. 


comp.=0-+77% 










7 +8660 x 107 





The results of fluoroform are best expressed by the Sellmeier formula 





















| 





| 





n—1 x TS = 9368-8x10" yy" 
TABLE IV. 
Carbon-nitrogen compound of fluorine (CF;N)p. 
Ax10-° | (n—1) obs. (n—1) cal. | Difference | t, p», and comp. 
| ] 
6440 -24 | 997-52 | = 997-47 —0-05 
| 
5462 -25 1002-51 | 1002-47 —0-04 t=28°-5 0. 
5087 +25 1005-25 =| 1005-31 +0-06 Pm==310+0 mm. 
| 
4801 -25 1007 -80 | 1007 +77 — 0-03 comp.= 175% 
4359 -56 1012 -81 | 1012 -83 +0 -02 





The results of dispersion 
.997 27 
n—1 x 198 = _16:9275x10 













are best summarised in the expression 


(17186 -5x10"—¥*) 


In the last column are men- 


observed value of (n—1) x 10*, 3 the value calculated from the dispersion 
formula given at the end of each table, 4 the difference between the observed 
and the calculated values of (n—1) x 10®. 
tioned the actual temperature ¢ of measurement in degrees Centigrade, the 
mean pressure ,, in each experiment and the compressibility of the gas 
investigated expressed as a percentage correction for a mean pressure of 
380 millimeters or for a change of pressure from 0 to 760 millimeters. 











a 
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TABLE V. 
Boron hexahydride. 








Ax10-° (n—-1) obs. (n—1) cal. | Difference | t, p,, and comp. 
6440-24 810 -53 810-53 0-0 

5462 +25 818 -22 818-32 —0-10 t=25° -0 0. 

5087 +23 822 -70 822 -63 +0-07 Pm=202 +5 mm, — 
4801-25 826 -65 826-66 | —0-01 comp.=0+97% 
4359 -56 834-63 834-63 0-0 

















The dispersion can be summarised in the Sellmeier form by the expression 
7 +1942 x 107" 











n—1 x DR = (9092 -7x10"— vy 
TABLE VI. 
Nitrogenous boron hydride.* 
| 

Ax10-° (n—1) obs. (n—1) eal. | Difference | t, Pm and comp. 
6440-2 1275-7 1276 -0 —0°3 

5462-3 1291 +4 1291-4 0-0 t=24° -8 C. 
5087 +2 1300-1 1300 -0 +0-1 Pm=8-5 mm. 
4801-3 1308-2 1308-0 +0-2 comp.=40+4% 
4359 -6 1323 -7 1324-0 —0°3 

















* Tentative. 
The results are expressed by the Sellmeier formula 
9 -0178 x 10?" 
ah 6 = (7284-3 x 1027 — yp?) 





The usual Sellmeier formula was employed to summarise the results of 
dispersions and in all cases a single term proved sufficient, viz., n—1 = 
c/v,2—v®, where c is a constant, vg and v are the free frequencies of the dis- 
persion electrons in a molecule and of the incident radiations respectively. 
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The value of v is obtained from the expression v = 5 where V is the velocity 
of light and A the wave-length of the incident radiation. 


The individual values call fora little comment. The two gases carbon 
tetrafluoride and nitrogen trifluoride have been previously examined? and 
the results given as somewhat provisional. The present value for carbon 
tetrafluoride is about 2-7 per cent. lower than the value previously given* 
and it may be mentioned that Klemm and Henkel® have obtained a value 
about one per cent. higher than the present value. 


The case of nitrogen trifluoride is interesting. The value of refractive 
index for the mercury green line 5462 A, obtained in the present investiga- 
tion is about 0-9 per cent. lower than the figure given in an earlier communi- 
cation.? If one assumes an impurity of about 2 per cent. of air in the present 
sample of gas, the discrepancy can be easily explained. But then a difficulty 
arises with regard to the value of the dielectric coefficient, which according 
to this assumption should be about 1256 (calculated from the value obtained 
with the previous sample of gas) as against the value of 1220 given 
in the previous paper.’ It appears, therefore, that probably traces of other 
fluorides having nearly the same value of refractive index but differing 
widely in the values of dielectric coefficients, are generated in quantities 
depending on the method and conditions of preparations.‘ 


For the other gases, measurements by other authors do not seem to 
have been made. It is necessary to mention that the values for the nitro- 
genous boron hydride are given with reserve and need further confirmation. 


Electronic and Atomic Polarisations. 


The wave-lengths at which the measurements of dielectric coefficients 
are measured, can be considered infinite compared with the wave-length of 
light employed in the measurements of refractive indices. If one considers 
the effect of radiations of very long wave-lengths on the refractive index, 


; ' : 4 
the Sellmeier expression approximates to the form n—l=-,%, since v 

; 0 
becomes practically zero. 


In the following table VII, the electronic polarisations (represented 


wr2 ° D 
PE, and the values of ,, —1 obtained as explained above. Since > is the 


as 
by Pr) have been calculated using the Lorenz-Lorentz relation ee en 


molecular volume which for an ideal gas is 22-412 litres at N.T.P. and n? + 2 





3 W. Klemm and P. Henkel, Zeit. Anorg. und Angew. Chem., 1933, 213, 115-125. 
4 Otto Ruff and L. Staub, Zeit. Anorg. Allgem. Chem., 1931, 198, 32-8. 
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for most gases is not far from 3, the value of PE at 25° -0 Centigrade is easily 
obtained by multiplying n2,— 1 by the factor -008155.2 The correction 
when m?+2 exceeds 3, has been made wherever necessary.*/0® 


In column 2, the values of distortion polarisation Pp (represented by A 
in the Debye’s equation) given in the previous paper! are reproduced. The 
columns 3 and 4 give the electronic polarisation PE and the atomic polarisa- 
tion Pa (the difference between Pp and PE) respectively. 


TABLE VII. 
Values of Pp, PE, Pa. 




















Substance | Pp PE PA 
Carbon tetrafluoride 9-72 7-12 | 2-60 
Nitrogen trifluoride .. 9 -08 7 -03 | 2-05 
Fluoroform 8-86 6 -98 | 1-88 
Compound (CF,N), .. | 21-35 16-06 | 65-29 
Boron hexahydride .. +i 14-46 12-91 1-55 
Nitrogenous boron hydride* .. 23 -76 20-18 3-58 

* Tentative. 
Discussion. 


The figures given in Table VII definitely indicate that the atomic polari- 
sations in the case of all fluorine compounds investigated, are surprisingly 
large being about 30 per cent. of the corresponding electronic polarisations. 


No clear relationship can be traced between molecular structure and 
atomic polarisation. It may be mentioned that the data from a systematic 
study of both dielectric and optical polarisations, are not sufficiently extensive 
for attempting to establish any relationship between PA and PE, although 
it is generally known that Pa increases with the size of the molecule. 


It has been the usual practice in the approximate calculations of dipole 
moments, to take PA as 10-12 per cent. of PE. This, however, will not be 
far from correct when the moment is sufficiently large, say of the order of 
one or more Debye units. From the results given in this communication, 
it appears that such an assumption is not applicable to the case of fluorine 
compounds and complex compounds of boron. 
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It is, therefore, intended to extend these investigations to more com- 
pounds and then critically examine the results to see if any definite relation. 
ships can be traced. 

Summary. 


1. The refractive indices and dispersions of carbon tetrafluoride, nitro- 
gen trifluoride, fluoroform, nitrogen-carbon compound of fluorine (CF;N)., 
boron hexahydride and nitrogenous boron hydride B,N,;H,, have been mea- 
sured at the ordinary temperature using a Zeiss Interferometer of the 
Rayleigh type. 

2. The compressibilities of the gases mentioned have been determined 
by studying the variation of refractive index with pressure. 


3. The atomic polarisations of these molecules have been calculated 
from the dielectric and optical polarisations. It has been found that the 
fluorine compounds and the complex compound of boron B3N;H,, have appre- 
ciable values of atomic polarisations. 


Conclusion. 


In conclusion I wish to acknowledge my indebtedness to Prof. Dr. 
Otto Ruff, Breslau, and to Prof. Dr. Alfred Stock, Karlsruhe, for the 
gift of the fluorine and boron compounds respectively. My grateful thanks 
are due to Prof. Sir C. V. Raman, Kt., F.R.S., N.L., for his kind encouragement 
and keen interest in the work. 
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Mucu work has been done on attempts to relate the cleansing power of a 
soap solution with its other properties, for example, surface tension, pH, etc. 
The object of the present work is to determine whether a relation exists 
between the amount of soap adsorbed under standard conditions by cotton, 
and some of the other properties of the solution which are considered to be 
related to the cleansing power. To measure the quantity of soap adsorbed 
by cotton a new technique has been devised and a value termed “‘ the 
maximum efficient adsorption’ determined. This value has been measured 
for a number of commercial house-hold soaps and for soaps prepared from 
vegetable oils and from pure fatty acids. The effect of the addition of various 
builders on the adsorption has also been studied. The maximum efficient 
adsorptions obtained have been compared with the pH value of the solutions 
and the drop numbers. 


The results indicate that the maximum efficient adsorption is high with 
commercial soaps which are known to be good cleansing agents and to give 
satisfactory values for pH and surface tension. With simple soaps, which 
are known to be not so satisfactory as the commercial soaps, the adsorption 
figure is low and the values as regards pH and surface tension are un- 


satisfactory. 
Experimental Methods. 


The yarn selected was from Egyptian cotton of an average count of 80, 
with 30 turns per inch and an average test of 26lbs. It was specially made 
to order and a bundle of 101bs. bought and every hank tested to satisfy the 
above specifications. 


The yarn was boiled for three hours in 3% caustic soda and 10% soda- 
ash solution to free it from pectinous and fatty matters and from mineral 
oils acquired in spinning, and was then rinsed with water and washed with 
0-5 % hot soap solution and again thoroughly rinsed with several portions 
of distilled water, wrung and dried in air. 
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7 to 7-5 gms. of the scoured and air-dried yarn was kept at 50°C. in 
an air-thermostat in an atmosphere of constant humidity, obtained by 
covering the inside walls of the thermostat with canvas saturated with water 
by spraying at intervals. After three hours, the yarn was removed to a 
desiccator and dried over calcium chloride for 24 hours. It was then weighed 
and immersed for fifteen minutes in a cylindrical jar containing one litre 
of the soap solution under test kept at 40°C. in an air-thermostat. Increase 
in the time of immersion did not affect the results. 


To avoid curling of the yarn and to ensure complete immersion in the 
soap solution the hank was doubled and one end held by a hook supported 
by a glass rod resting on the mouth of the jar with the other end loaded with 
a weight of 50 gms. to keep the yarn in constant tension. At the end of the 
fixed time the yarn was removed from the jar and the excess of the solution 
allowed to drain by hanging the hank on a support under a tension of 250 gms. 
After the yarn was drained and air-dried, it was again exposed for three 
hours at 50°C. in the humid chamber and desiccated over calcium chloride 
for 24 hours and weighed. The increase in weight due to the adsorption of 
soap was noted and the results calculated to 10 gms. of the dried yarn. 


Exposure to an atmosphere of constant humidity before and after immer- 
sion in the soap solution is essential to obtain consistent results. 


The pH value was determined with Hellige’s comparator by the indi- 
cator method and the surface tension by the drop number method using 
Traube’s stalagmometer. 


Experimental Results. 


The above experiments were conducted with various commercial house- 
hold soaps, with neutral sodium-soaps prepared from mowhra and cocoanut 
oils and also with the sodium salts of pure oleic and stearic acids. 
The effect of the addition of various builders to these salts was also 
examined. 





To obtain the optimum temperature and time required for maximum 
adsorption, experiments were conducted with sodium oleate for concentra- 
tions ranging from 0-1 to 0-7% of anhydrous soap, (1) by keeping the tem- 
perature and concentration constant and varying the time, and (2) by keep- 
ing the time and concentration constant and varying the temperature. It 
was found that the optimum temperature and time for maximum adsorpiion 
was 40°C. and 15 minutes respectively ; accordingly all experiments were 
performed at 40°C. and the yarn immersed in the soap solution for 15 
minutes. 
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This result is in agreement with the recent experiments of Herites on 
his Congo-ruby number! and also with the washing experiments of Rhodes 
and Brainard.* 

Commercial House-hold Soaps. 

The following is the analysis of the commercial house-hold soaps em- 

ployed :— 











No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 
Moisture es 27-1 27-75 49-28 28-1 35-1 36-2 
Fatty acids «-| 63-34 61-08 39-68 60-5 45-4 44-8 
Free alkali ee 0-08 0-21 0-08 0-2 0-6 0-2 
Combined alkali ee 9-30 8-94 5+32 9-0 6-9 6-6 
Free fat and unsaponifiable 
matter oe 0-02 0-56 0-04 0-5 2°2 0-7 
Other salts and glycerine (by 
difference) = 0-16 1-46 5-60 1-7 9-8 11-5 


























It will be seen from Fig. 1 that the commercial soaps give an adsorption 
of about 0-1 gm. at a concentration of 0-5%, of anhydrous soap. Further 
increase in concentration does not improve the adsorption so that the figure 
0-1 is termed the ‘‘maximum efficient adsorption’’. The pH values of four 
of the six commercial soaps examined are steady at about 9-5 in the con- 
centration range usually employed in practice, and this pH has been shown 
by the experiments of Zakarias* to be well adapted for washing purposes. 
Four of the soaps give a steady drop number in the practical range of 60, 
with the apparatus used. Soaps 1, 2 and 4 which give the highest adsorption, 
give a steady pH value of 9-5 and the highest drop number. 

Fig. 2 shows similar experiments with mixtures of mowhra and cocoa- 
nut and of oleate and stearate soaps. Mixtures of mowhra and cocoanut 
soaps are known to be inferior as washing agents to the blended commercial 
soaps and they give a lower maximum efficient adsorption of 0-08. The 
pH values are not steady and the drop numbers are on the whole lower. 
The same remarks apply to mixtures of oleate and stearate. It will be 
noticed that mixtures of 25% mowhra and 75% cocoanut and 80% oleate 
and 20% stearate give the highest adsorption and drop number. 





1 Z, Phys. Chem. Seinfenforsch, 1929, Heft. 2. 
2 J. Ind. Eng. Chem., 1929, 21, 60. 
8 Colloid Chemistry, Alexander, 4, 653. 
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FIG. 2. 


The adsorption figures are given in gms. X 107. 


Fig. 3 shows the effect of addition of sodium hydroxide as a builder to 
oleate and cocoanut soaps. With sodium oleate addition of 0-1 to 0- 5% 
hydroxide (calculated on the fatty acids contained in the soap) gives an 
improved adsorption ; the drop number and the pH values are not affected. 
With cocoanut soap, the adsorption is not affected by addition of up to 0-5% 
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The adsorption figures are given in gms. X 1071. 


hydroxide ; the drop number is slightly raised and the pH value is improved. 
In practice it is found that addition of 0-1 to 0-5% hydroxide gives 


improved detergent effects. 
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Fig. 4 shows the effect of addition of sodium carbonate to oleate and 
cocoanut soaps. Addition of 1% of carbonate (calculated on the fatty acids 
contained in the soap) to oleate gives satisfactory vaiion for adsorption and 


drop number but rather a low pH; 


addition of 3% improves the latter 


defect. With cocoanut soap addition of 3% peatrchaci gives favourable 
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values of pH as well as drop number but the adsorption figure is not 


improved, 1% gives a better value. In ractice 2 to 2-5°/ of carbonate is 
Pp /o $ /0 
generally used. 






Fig. 5 shows the effect of addition of sodium-silicate to oleate and cocoa- 
nut soaps. The adsorption in both cases increases with the addition of 
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silicate up to 10% (calculated on the fatty acids contained in the soap), 
the drop number is not greatly affected but the pH value is improved. In 
practice the amount of silicate used in house-hold soaps is up to 10%. 


Conclusion. 

It will be seen that from the experimental results described above that 
the conditions which are known to promote cleansing, also facilitate adsorp- 
tion. From this it can be deduced that it is the soap adsorbed on the fibre 
that cleanses ; the greater the quantity of soap adsorbed the greater the 
cleansing effect. The new adsorption test may, therefore, provide an 
accurate, though not a rapid, method for the comparison of the cleansing 
powers of a series of soaps. 

Summary. 

A method is described for measuring the adsorption of soap by cotton 
under standard conditions. Evidence is brought forward to show that the 
adsorption figure may be a measure of the detergent action of soap solutions. 


A 8 r 











UPLIFT PRESSURE ON WEIRS. 
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Introduction. 


IN two previous publications,! * an account has been given of the estimation 
of uplift pressure on weirs built on permeable foundations, by means of the 
potential distribution. The technique of the method has been described 
in the papers referred to above. It was definitely established in those papers, 
that the law of subsoil flow is analogous to the distribution of potential which 
governs the flow of electricity in a conductor. Having once established this 
fact, it became possible to employ the method to find the pressure distribu- 
tion in any design of structure and to formulate laws for the various cases. 
The results are of immense practical importance for purposes of design. A 
knowledge of the uplift pressure under weirs is necessary, since, if they are 
not constructed to withstand the pressures, failures such as have occurred 
in the past may be repeated. Though the problem is extremely important 
from an engineering standpoint, yet these experiments offer a wide scope 
for theoretical research as well. The two cases dealt with in this paper are, 
a flush floor with different lengths of sheet pile at the upstream end, and a 
depressed floor with different lengths of sheet pile at the upstream end. 


Results. 


In the first series of experiments with a flush floor, the model was 12” long 
and the lengths of the sheet pile were 1”, 2”, 3”, 4”, 5” and 6”, thus giving the 
ratio of the floor length to sheet pile as 12, 6, 4, 3, 12/5, 2. This ratio is 
denoted by a in the paper. 

(a) ‘The pressure contours for the case when different lengths of sheet 
pile are introduced at the upstream end of a flush floor, maintaining the 
length of the floor constant, are given in Fig. 1. The different curves are 
for decrements of 5 % of the total difference of pressure between the upstream 
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and the downstream. In addition to these 5% lines, those indicating the 
percentage pressures at various important points, such as the end of the 
sheet pile and the beginning of the floor, are also marked in the figure. 
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Pressure Contours—Flush Floor 12”. 


(b) In Fig. 2 the percentage pressure along the floor is plotted against 
fractional distance for various values of a. By fractional distance is meant, 
the ratio of the distance from the beginning of the floor to the total length 
of the floor. 


This case has been theoretically worked out by Prof. Weaver.* Fig. 2 
shows also the comparison between the theoretical results according to 
Weaver and the experimental values. It is clear from this figure that theory 
and experiment are in accord. 
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Pressure Distribution along Flush Floor. 


The variations of pressure at the points A and B of the structure 


for varying lengths of sheet piles are shown in Fig. 3. 
values of a are also plotted along the abscissa. 
are shown in the inset. 
centage pressure at A and B for any value of a, derived from theoretical 
considerations are® 


The corresponding 
The positions of A and B 
The equations for these curves, giving the per- 
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Here / is the length of sheet pile, and I, is the length of floor. 
Pressures calculated according to these equations are also plotted in Fig. 3. 
They lie along the experimental curve. 
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Fic. 3. 
Pressures at A and B under Flush Floor. 


It can be seen from this figure that to begin with, the curve is steep, 
gradually becoming flatter as a decreases. This means that unit increase 
in the length of the sheet pile, cuts off more pressure when the sheet pile is 
short, than when the sheet pile is long. In other words, the effectiveness 
of a sheet pile in cutting off pressure decreases with increase in length. A 
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chart is given in Tables I and II showing the pressure at A and B for various 


1 
values of —. 
a 


(2d) In the next series of experiments the floor of the model was 12” 
in length and it was depressed by 2”, giving a ratio of depression to width, 
of }. With this floor, 6 sheet piles of different lengths as 1”, 2”, 3”, 4”, 5” 
and 6” were investigated thus giving values of a,* ; as 12, 6, 4, 3, 12/5, 2. 
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Pressure Contours—12” Floor Depressed 2”. 





The pressure contours for the six sets in this case are shown in Fig. 4. 
The lines are for decrements of 5% of the total difference of pressure between 
the upstream and the downstream. In addition to these, the lines at im- 
portant points of the work such as the end of the sheet pile, the corner of the 
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sheet pile and the floor, and the horizontal part of the depressed floor are 
also shown in the figure. 

(e) The percentage pressure distribution along the floor in the depressed 
case is plotted against the fractional distance in Fig. 5, for various values 
of a,*. This case is similar to that shown in Fig. 2 for the flush floor. The 
theoretical solution for the case of the depressed floor has not so far been 
obtained and hence, a comparison of the experimental with the theoretical 
is not possible at present. 
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Pressure Distribution along Depressed Floor. 


(f) In Fig. 6, the percentage pressure at A, B and on B-C are plotted 
as a function of the length of the sheet pile inthe depressed case. For the 
position of the points A, B and C, see inset. A chart showing the values 
of P,, P, and P,-, is given in Tables III, IV and V. The pressures at 


these points for any value of a can be read from the chart, where /, is the 


length of the sheet pile including the two inches of the depression, and I, is 
the length of the floor. 
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Pressures at A, B, and on B—-C, 


For the case of the depressed floor, a comparison with the values of the 
hydraulic method has been made. The results of the two methods agree 
when the sheet piles are long. But when the sheet piles are short, there is 
a difference of about 7°% between the results of the two methods. This is 
due to the fact that in the hydraulic method, the sheet pile had a thiekness 
of about half an inch which becomes comparable to the length of the pile 
when it is short. Also, the tubes inserted for measurement of pressures in 
the hydraulic method had a diameter of about quarter of an inch which 
becomes comparable to the length of the pile when it is short. 


Summary. 


The electrical method has been employed to determine the pressure 
distribution under models of weirs when different lengths of sheet pile have 
been introduced. One model had a 12” flush floor and the lengths of the 
sheet piles introduced were 1”, 2”, 3”, 4”, 5” and 6”. The complete systems 
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TABLE I. 
(See also Fig. 3.) 





FLUSH FI,0orR. 


Table showing Values of P, for Values of l/l, 


(Ratio of length of sheet pile to length of floor). 












































-00 -01 -02 -03 -04 05 -06 -07 -08 -09 
-00 | 100-0 | 93-6 | 91-1 | 89-1 | 87-5 | 86-0 | 84-8 | 83-6 | 82-6 | 81-5 
-10| 80-6 | 79-7 | 78-9 | 78-1 | 77-3 | 76-6 | 75-9 | 75+2 | 74:6 | 74-0 
-20| 73-4 | 72-9 | 72-4 | 71-9 | 71-4 | 70-9 | 70-5 | 70-0 | 69-6 | 69-1 
-30| 68-7 | 68-3 | 67-9 | 67-5 | 67-2 | 66-8 | 66-5 | 66-1 | 65-8 | 65-5 
-40 | 65-2 | 64:8 | 64-5 | 64-2 | 64-0 | 63-7 | 63-4 | 63-2 | 62-9 | 62-7 
-50 | 62-5 | 62-2 | 62-0 | 61-8 | 61-6 | 61-4 | 61-2 | 61-0 | 60-8 | 60-6 
-60 | 60-4 | 60-2 | 60-0 | 59-8 | 59-7 | 50-5 | 59-3 | 59-2 | 59-0 | 58-9 
-70 | 58-7 | 58-6 | 58-4 | 58-3 | 58-2 | 58-0 | 57-9 | 57-8 | 57-6 | 57-5 
-80 | 57-4 | 57-3 | 57-2 | 57-1 | 56-9 | 56-8 | 56-7 | 56-6 | 56-5 | 56-4 
-90| 56-3 | 56-2 | 56-2 | 56-1 | 56-0 | 55-9 | 55-8 | 55-7 | 55-7 | 55-6 
1:00 | 55-5 | 55-4 | 56-3 | 55-3 | 55-2 | 55-1 | 55-1 | 55-0 | 56-0 | 54-9 
TABLE II. FLUSH FLoor. 


(See also Fig. 3.) 
Table showing Values of P, for Values of L/1, 
(Ratio of length of sheet pile to length of floor). 
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in Tables I and II. 
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of equi-pressure lines and the variations of pressure at the ends of the sheet 
pile, and the corner of the sheet pile and floor are given in Figs. 1, 2, and 3. 
Charts showing the variations of pressure at the two latter points are given 


The theoretical equations obtained by Weaver, for the 


floor with a depression of 2”. 


TABLE III. 

(See also Fig. 6.) 

Table showing the Values of P, for Values of 1,/I, 
(Ratio of length of sheet pile to length of floor). 


DEPRESSED FLOOR. 


pressure distribution in the analogous cases, have been verified and are found 
to be in accord with the experimental results. 


Another model had a 12” 


Sheet piles of 1”, 2”, 3”, 4", 5” and 6” were 








Ratio of depression to length of floor 1/6 






























































: cane ae 
-00 -01 02 03 | +04 -05 06 -07 -08 -09 
| | 
“10 | 82-1 | 81-1 | 80-1 
20 | 79-2 | 78-3 | 77-5 | 76-8 | 76-1 | 75-4 | 74-8 | 74-2 | 73-6 | 73-0 
30, 72-5 | 72-0 | 71-5 | 71-1 | 70-6 | 70-2 | 69-8 | 69-4 | 69-0 | 68-6 
40 | 68-2 | 67-9 | 67-5 | 67-2 | 66-8 | 66-5 | 66-2 | 65-9 | 65-6 | 65-3 
50 | 65-0 | 64-8 | 64-5 | 64-3 | 64-1 | 63-8 | 63-6 | 63-4 | 63-2 | 63-0 
“60 | 62-8 | 62-6 | 62-4 | 62-2 | 62-0 | 61-9 | 61-7 | 61-5 | 61-4 | 61-2 
| | 
TABLE IV. DEPRESSED FLoor. 
(See also Fig. 6.) 
Table showing the Values of P, for Values of 1,/1, 
(Ratio of length of sheet pile to length of floor). 
Ratio of depression to length of floor 1/6 
-00 -01 -02 -03 -04 -05 -06 -07 -08 -09 
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TABLE V. DEPRESSED FLOOR. 
(See also Fig. 6.) 


Table showing Values of Py-< for Values of 1,/L 
(Ratio of length of sheet pile to length of floor). 








Ratio of depression to length of floor 1/6 





| 
-00 -01 | -02 03 +04 +05 06 07 -08 09 





10 64-1 61-8 59-9 





*20 | 58-2 56- 55-4 54-2 53-0 52-0 50-9 | 50-0 49-1 48-2 


«1 


45-9 45-2 44+5 43 -8 43-1 | 42+5 41-9 41-2 


a 


+39 | 47-4 46- 
*40 | 40-6 40-1 39-5 38-9 38-3 | 37-8 37-2 | 36-7 36-2 35°7 





*50 | 35-2 34-7 34-2 33+7 33°2 32-8 | 32-4 32-0 31-6 31-2 
30-2 29-9 29-6 29-3 | 29-0 28-8 28-5 28-3 





-60 | 30-9 30: 


or 


























fixed to this depressed floor and the pressure distributions at the end of the 
sheet pile, at the corner of the sheet pile and floor, and on the horizontal 
part of the masonry floor have also been investigated. The results are 
given in Figs. 4, 5, and 6. Charts showing the pressure distribution at the 
various points mentioned above are given in Tables III, IV, and V. With 
the help of the tables, it is now possible to determine the pressure under 
simple cases of weirs dealt with, and, hence, works can be designed to with- 
stand the pressures. More complicated cases are under investigation. 
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